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Abstract

Heat shock factor 1 (HSF1) is the master transcriptional regulator of the heat
shock response (HSR), an evolutionarily conserved cellular stress response. HSF1
promotes the expression of a variety of molecular chaperones that aid in restoring protein
homeostasis upon exposure to proteotoxic stress. However, all of the proteins responsible
for regulating the HSR together with HSF1 are unknown. A genome-wide yeast
two-hybrid screen was performed to identify new S. cerevisiae Hsf1 protein interacting
partners. Two GAL4 DNA binding domain-Hsf1 fusion proteins (baits) were constructed
with mutations in the Hsf1 C-terminal activation domain to dampen Hsf1-mediated autoactivation of the reporter gene. Each haploid bait strain was mated with a haploid prey
strain containing one of ~6,000 S. cerevisiae open reading frames fused to the GAL4
activation domain (prey). Interaction between the bait and prey reconstituted the GAL4
protein enabling it to bind to a GAL4 DNA binding site and activate the HIS3 reporter
gene. The identified proteins from 4 screens were pooled generating 240 putative Hsf1
interacting partners. This list was narrowed to 38 candidates by selecting the 15 strongest
interactions identified based on colony size and 33 candidates conserved in C. elegans.
Hsf1 interactions with the 14 candidates in which protein expression was confirmed were
then re-tested by a manual yeast two-hybrid assay. Hsf1 interactions with Sti1, Rim2 and
Prp46 were repeatable in this manual assay. A study of the impact of knockdown of each
of their C. elegans homolog on the HSR was performed using RNAi in an hsp70x

promoter::GFP reporter strain of C. elegans. Preliminary results suggest that knockdown
of Sti1 may impact the HSR in the worm. Further study of Sti1 and other potential Hsf1
interacting partners identified in this screen is warranted.

xi

Chapter One: Introduction

The Heat Shock Response
Protein Homeostasis and Discovery of the Heat Shock Response
Proteins are the driving force behind nearly every chemical process occurring in
nature. In order to perform very specific functions, each protein must be synthesized and
folded into a compact three-dimensional structure. This dynamic structure is essential for
the protein to function and to maintain cellular processes (Matouschek 2003). As a result
of living in an ever-changing environment, cells are constantly exposed to
protein-damaging stress such as heat, which can cause proteins to become denatured or
misfolded and thereby prone to aggregation or degradation. This disruption in protein
homeostasis can result in a loss of cellular function and may lead to cell death or disease
(Dobson 2001; Morimoto and Westerheide 2009).

In order to cope with the many types of protein damaging stressors, cells have
developed a battery of stress responses including the evolutionarily conserved heat shock
response (HSR) which upregulates the expression of cytoprotective genes to restore
protein homeostasis and thus promote cell survival (Morimoto and Westerheide 2009).
The HSR was so named because it was first discovered in 1962 when an Italian
researcher, Ferruccio Ritossa, observed a puffing pattern in the polytene chromosomes of
1

Drosophila melanogaster larvae that were accidentally exposed to a heat shock (Ritossa
1996). That puffing pattern is now known to be due to the active transcription of
cytoprotective genes, namely heat shock proteins (HSPs), which act as molecular
chaperones to facilitate the proper refolding of proteins (Tissieres, Mitchell et al. 1974).

Heat Shock Proteins
The HSPs are a family of molecular chaperones that are abundant in cells,
although their expression is greatly increased during times of protein denaturing stress.
HSPs are highly conserved from prokaryotes to eukaryotes and are found in all cellular
compartments. Molecular chaperones are able to non-covalently bind to the exposed
hydrophobic residues and unstructured regions of proteins to assist with their folding,
assembly, transport and in some cases degradation (Hartl and Hayer-Hartl 2002). There
are six classes of heat shock proteins based on their molecular weight; Hsp100, Hsp90,
Hsp70, Hsp60, Hsp40 and the small Hsps. In general, all HSPs are able to bind to
exposed hydrophobic residues, but only members of the Hsp70 and Hsp60 family are
able to facilitate de novo protein folding (Morimoto 1998). Hsp70 and Hsp90 are also
involved in negatively regulating HSF1 (Morimoto 1998). Members of the small Hsps,
Hsp104, Hsp90, and Hsp70 families are able to prevent protein aggregates in vitro by
holding protein substrates in an intermediate state ready for refolding into their native
state. Other proteins, including p23 or the heat-inducible CyP40, act as co-chaperones
that regulate the binding and release of protein substrates (Jakob, Lilie et al. 1995;

2

Freeman and Morimoto 1996; Freeman, Toft et al. 1996; Morimoto and Westerheide
2009).

Stimulation of the Heat Shock Response
In response to a multitude of stressful conditions, the HSR upregulates the
expression of a variety of cytoprotective genes including HSPs and proteases in order to
restore protein homeostasis and prevent further protein damage. The conditions that
activate the HSR can be divided into four general divisions of environmental and
physiological stressors. These divisions include: 1) environmental stressors like increased
temperature, oxidative stress, and heavy metals; 2) cell growth and development factors
such as cell cycle, growth factors, and oncogenes; 3) pathology and disease including
fever, inflammation, ischemia, and cancer; and 4) protein misfolding diseases
(proteopathies) such as Alzheimer’s disease, Huntington’s disease, Parkinson’s disease,
and amyotrophic lateral sclerosis (Morimoto and Westerheide 2009). Each of these
stressors presents both acute and/or chronic challenges to protein homeostasis
(proteostasis) that disrupt or alter homeostatic mechanisms of protein production, folding
and function. In response to these diverse stimuli, the HSR becomes activated in a
multistep process that ultimately leads to the restoration of protein homeostasis (Figure
1).

3

Molecular Response of HSF1
Upon exposure to protein damaging stressors such as those mentioned above, HSF1
becomes activated in a multistep process, involving its transition from an inactive
monomer located in the cytosol or nuclear compartment to a hyperphosphorylated trimer
localized to the nucleus (Morimoto and Westerheide 2009).

Figure 1. General divisions of stimuli that activate the heat shock response.
Many types of stressors result in the accumulation of misfolded proteins. Upon stress, the
HSR becomes activated and increases the expression of HSPs that assist in restoring
proteostasis. Figure adapted from (Morimoto and Westerheide 2009).

4

Once in the nucleus, HSF1 binds to heat shock elements (HSEs) which are
typically composed of at least 3 adjacent repeats of the pentameric sequence nGAAn1
located upstream of the start site of heat shock responsive genes, such as HSPs (Sorger
and Pelham 1987; Amin, Ananthan et al. 1988; Morimoto and Westerheide 2009).

Figure 2: The heat shock response.
Upon activation, HSF1 is converted from an inactive cytoplasmic monomer to a
hyperphosphorylated trimer localized to the nucleus where it activates the transcription of
HSPs. Attenuation of the HSR is facilitated by direct binding of Hsp70 and Hsp40, and
acetylation returning HSF1 trimers to their inactive monomeric state bound by Hsp90 in
the cytoplasm. Figure adapted from (Westerheide, Anckar et al. 2009).

1

Where “n” represents any nucleotide.
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The HSPs are able to rapidly and precisely respond to specific stressors in a
manner appropriate to the intensity and duration of the stress by assisting with the
refolding of proteins and aiding in the prevention of protein aggregate formation. Upon
restoration of proteostasis, the HSR is attenuated by feedback inhibition with HSPs and
acetylation at a specific lysine (K80) within the DNA-binding domain (DBD) of HSF1
that causes HSF1 to loose its affinity for DNA (Figure 2) (Morimoto and Westerheide
2009; Westerheide, Anckar et al. 2009).

Heat Shock Factor 1 Regulation
Overview of Heat Shock Factors
HSF1 is a member of a larger family of heat shock factors. Mammals have HSF1
through HSF4. However, HSF1 is the master transcriptional regulator of the HSR and
cannot be replaced by other HSFs as demonstrated by studies using HSF1-deficient mice
(McMillan, Xiao et al. 1998). The three other HSF1 isoforms have overlapping but
distinct roles. Each HSF exhibits conserved oligomerization and DNA-binding domains
and are able to trimerize and bind HSEs, suggesting HSFs may have overlapping targets
(Anckar and Sistonen 2007). Single celled organisms such as yeast and invertebrates like
C. elegans and fruit flies only have a single, essential Hsf1 isoform present.

Despite a high level of conservation, HSF isoforms do exhibit many differences.
For example, under normal conditions HSF2 is a dimer that was demonstrated to be
involved in spermatogenesis and neuronal development in hsf2 knockout mice studies
6

(Kallio, Chang et al. 2002; Wang, Ying et al. 2004; Chang, Ostling et al. 2006). In
chickens and mice, HSF3 is also heat shock responsive, but only in avian species is HSF3
is required for the activation of major HSPs. In mice the role of HSF3 is unclear
(Fujimoto, Hayashida et al. 2010). HSF2 and HSF4 are only responsible for the activation
of non-classical HSPs (Nakai and Morimoto 1993; Tanabe, Kawazoe et al. 1998). HSF4
is ubiquitously expressed, but is dominant in the lenses during postnatal development
(Tanabe, Sasai et al. 1999; Somasundaram and Bhat 2000). Mutation or loss of HSF4
results in improper eye development and an increase in cataract development in mice and
humans (Bu, Jin et al. 2002; Fujimoto, Oshima et al. 2008; Shi, Shi et al. 2008).

Structural Domains of HSF1
Despite the different functional roles of HSFs, many of the structural domains are
conserved. HSF1 consists of several domains that are highly conserved from yeast to
humans. The most highly conserved domain within the HSF family, and the only one
with detailed structural information, is the amino-terminal looped helix-turn-helix DNAbinding domain (DBD) (Vuister, Kim et al. 1994; Wu 1995; Anckar and Sistonen 2011).
Unlike other DBDs of this type, the loop region does not interact directly with the DNA,
but instead is suspected to be involved in stabilizing the HSF1 trimer bound to the DNA
via protein-protein interactions (Littlefield and Nelson 1999). The DBD of each HSF1
monomer simultaneously recognizes and binds HSEs in the major groove of the DNA
helix upstream of the start site of heat shock responsive genes (Amin, Ananthan et al.
1988; Littlefield and Nelson 1999). Typically there is a minimum of 3 HSEs present,
7

although there may be more as HSF1 binds cooperatively to HSEs (Xiao, Perisic et al.
1991; Anckar and Sistonen 2007; Anckar and Sistonen 2011).
The second most highly conserved domain amongst species is the oligomerization
domain of HSF1. Located adjacent to the DBD, the oligomerization domain is
responsible for trimerization of HSF1 (Figure 3). Spectroscopic studies have revealed this
domain is rich in α-helixes and is divided into two subdomains, helix A (HR-A) and helix
B (HR-B) (Peteranderl and Nelson 1992; Peteranderl, Rabenstein et al. 1999; Anckar and
Sistonen 2011). These regions are characterized by 7-residue repeating sequences known
as heptad repeats (HR-A/B) that have a hydrophobic amino acid positioned at every
seventh residue (Sorger and Nelson 1989). Upon HSF1 trimer formation, intermolecular
reactions between hydrophobic residues of the HR-A/B may form an all-parallel and
highly elongated structure that mediates the formation of a triple-stranded coiled-coil
configuration (Peteranderl and Nelson 1992; Anckar and Sistonen 2011).
Most HSFs also have a HR-C domain located between the regulatory domain and
the transactivation domain near the carboxy-terminus. This third hydrophobic heptad
domain is thought to repress trimerization by folding back on the HR-A/B region, thus
keeping HSF1 in its inactive monomeric state. Both the Saccharomyces cerevisiae Hsf1
and mammalian HSF4 lack the HR-C domain and are constitutively trimeric. Since
Saccharomyces cerevisiae Hsf1 is constitutively trimerized, it is typically bound to DNA
but does not induce the transcription of HSPs until stress is applied. Although at some
promoters like the HSP82 promoter, stressors can induce additional binding of Hsf1
trimers (Sorger 1990; Bjork and Sistonen 2010).
8

Figure 3. Alignment of the HSF1 amino acid sequences of different species from yeast to humans.
Alignment of HSF1 amino acid sequences of increasingly more complex eukaryotes from S. cerevisiae to humans. Sequences were
obtained from the NCBI protein database at http://www.ncbi.nlm.nih.gov. Alignment was performed using Geneious version 6.0
created by Biomatters. Available from http://geneious.com.
9

Furthermore, mutation of the HR-C domain rendered HSF1 constitutively trimeric
and DNA-binding competent, while mutation of the HR-A/B eliminated HSF1
trimerization (Chen, Barlev et al. 1993; Rabindran, Haroun et al. 1993; Nakai, Tanabe et
al. 1997). A short linker region between the DBD and the HR-A/B may further modulate
trimerization of human HSF1, as mutations within this linker render HSF1 constitutively
trimeric (Liu and Thiele 1999).
In contrast to the amino terminus of HSF1, which is responsible for trimer
formation and acquiring DNA-binding activity, the transactivation domain located at the
carboxy-terminus is responsible for regulating the transcriptional activity of HSF1, as
well as the magnitude of HSF1 activation (Anckar and Sistonen 2011). Vertebrate HSF1
transcriptional activity is regulated by its bipartite transactivation domain (TA1 and TA2)
located at the C-terminus, whereas yeast Hsf1 has both an N-terminal TA domain (NTA)
responsible for a transient increase in Hsf1 activity and a C-terminal TA domain (CTA)
responsible for a sustained increase in Hsf1 activity (Sorger 1990).
Finally, HSF1 has a regulatory domain (RD) that is located between the HR-A/B
and HR-C. This domain negatively regulates the TA, thus preventing HSF1 activation in
the absence of stress. The RD is the site of multiple inducible PTMs, including
phosphorylation, sumoylation, and acetylation. These PTMs may be responsible for
modulating the repressive activities of the RD (Green, Schuetz et al. 1995; Newton,
Knauf et al. 1996; Anckar and Sistonen 2011). Hsf1, which is phosphorylated even in the
absence of stress, is also regulated by control element 2 (CE2), a yeast-specific heptapeptide that may restrict activity of the CTA by regulating phosphorylation of Hsf1 in the
absence of stress (Sorger 1990; Jakobsen and Pelham 1991). Hsf1 also has a C-terminal
10

modulator domain (CTM) which alleviates repression of Hsf1 activity by the CTA and
along with the NTA is responsible for activating the transcription of genes with gap-type
HSEs meaning there is up to a 5 base pair (bp) insertion between HSEs (Santoro,
Johansson et al. 1998; Sakurai and Fukasawa 2001).

Figure 4. HSF1 contains highly conserved domains.
The DNA binding domain and regulatory domains of HSF1 are highly conserved across
species from yeast to humans.
HSF1 Posttranslational Modifications
HSF1 Phosphorylation
Transcriptional

activation

of

HSF1

in

all

species

requires

extensive

hyperphosphorylation of many serine (S) residues located mainly within the RD (Kline
and Morimoto 1997). Mass spectrometry (MS) analysis of exogenously expressed HSF1
purified from HeLa cells identified at least 12 phosphorylated serine residues (S121,
S230, S292, S303, S307, S314, S319, S326, S344, S363, S419, and S444) (Guettouche,
11

Boellmann et al. 2005). Mutational analysis of human HSF1 and an in vitro kinase assay
determined that activation of HSF1 transcriptional activity is regulated in part by
phosporylation of T142 by the kinase CK2, which is also known to phosphorylate several
HSF1 serine residues upon stress, (Soncin, Zhang et al. 2003). Another study found
mammalian HSF1 residue S216 is phosphorylated by PLK1 via mutational analysis and a
kinase assay in HSF1 knockout mouse embryonic fibroblasts (Lee, Kim et al. 2008).
Global phosphoproteomic approaches using human cell extracts also identified HSF1
residues S320, T323, T367, S368, and T369 as phosphorylation sites (Olsen, Blagoev et
al. 2006; Mayya, Lundgren et al. 2009; Olsen, Vermeulen et al. 2010).
Interestingly, only S326 has been shown to be required for the trans-activating
capacity of HSF1 as a two-hybrid study using a LexA reporter and human cDNA library
in yeast cells found phosphorylation of HSF1 S326 facilitates the interaction between
HSF1 and the co-activator DAXX (Boellmann, Guettouche et al. 2004). Another study
found that stress-inducible phosphorylation of S230 by the calcium/calmodulindependent kinase CaMKII is required for full induction of the HSR (Holmberg,
Hietakangas et al. 2001). An in vitro study demonstrated activation of HSF1 is
accomplished by phosphorylation of S320 by protein kinase A (PKA) in mouse and
human cells (Murshid, Chou et al. 2010; Zhang, Murshid et al. 2011). Conversely,
another study using a Tn7-based insertion mutagenesis approach found that PKA
represses HSF1-mediated activation of the HSP26 gene under homeostatic conditions
(Ferguson, Anderson et al. 2005). Another in vitro kinase assay demonstrated the tyrosine
phosphorylation-regulated kinase Yak1 also phosphorylates HSF1 (Lee, Cho et al. 2008).
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Phosphorylation is also responsible for repressing transcriptional activity of
HSF1. Phosphorylation of S303 and S307 of mammalian HSF1 has been demonstrated to
repress HSF1 activity by mediating an interaction between HSF1 and the scaffolding
protein 14-3-3

which results in the sequestration of HSF1 in the cytoplasm (Knauf,

Newton et al. 1996; Kline and Morimoto 1997; Wang, Grammatikakis et al. 2004). HSF1
activity is also negatively regulated by phosphorylation on serine 121 by the
pro-inflammatory protein kinase MAPK-activated protein kinase 2 (Wang, Khaleque et
al. 2006). Despite the extensive phosphorylation events HSF1 undergoes, only a few of
the responsible kinases are known.
Determining which kinases are responsible for specific phosphorylation events
will also further our understanding of how HSF1 responds to specific types of stress. For
example, the S. cerevisiae homolog of mammalian AMP-activated kinase, Snf1, is
required for HSF1-dependent induction of the CUP1 metallothionein gene in response to
glucose starvation, but heat shock induced activation of Hsf1 is Snf-1 independent
(Tamai, Liu et al. 1994). Thus, determining the kinases responsible for regulating HSF1
phosphorylation will aid in determining how HSF1 and the HSR respond to specific
stressors.

HSF1 Sumoylation
Phosphorylation further regulates HSF1 activity by serving as a priming signal for
lysine (K) 298 to become sumoylated (Hietakangas, Ahlskog et al. 2003). Small
ubiquitin-related modifier (SUMO) proteins are structurally, but not functionally, similar
to ubiquitin and can be either transiently or covalently bound to certain lysine residues
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(Anckar and Sistonen 2011). HSF1 was the first protein in which a phosphorylationdependent sumoylation motif (PDSM) was discovered (Hietakangas, Anckar et al. 2006).
This PDSM consists of an adjacent sumoylation consensus site combined with a
phosphorylation sequence ΨKxExxSP, in which Ψ represents a branched hydrophobic
amino acid and is found in the RD of HSF1 (Anckar and Sistonen 2011). Upon
sumoylation HSF1 is transcriptionally repressed and desumoylation occurs progressively
with increasing temperature. It has been suggested that SUMO functions as a
stress-sensitive restrainer of HSF1 activity in response to only moderate stress, as cells
exposed to moderate heat shock remained sumoylated while cells exposed to a severe
heat shock exhibit a more transient HSF1 sumoylation (Hietakangas, Anckar et al. 2006).
To date, it is unclear which kinases are responsible for the SUMO-priming
phosphorylation events. In vitro studies have demonstrated that the mitogen-activated
protein kinase (MAPKs) Erk1/2 and p38 phosphorylate HSF1 on S303, but this finding
has yet to be established in vivo (Knauf, Newton et al. 1996). Similarly, the spectrum of
target genes affected by HSF1 sumoylation remains largely unknown.

HSF1 Acetylation
Upon heat shock, HSF1 gradually becomes acetylated at several lysine (K)
residues. This acetylation leads to attenuation of the HSR as HSF1 loses its affinity for
DNA. MS analysis of HSF1 revealed that it is acetylated at several lysine residues
(Westerheide, Anckar et al. 2009). Specifically, acetylation of K80, which is known to
directly contact the DNA phosphate backbone, results in a reduction in HSF1 DNA
binding ability and consequently a reduction in induction of the HSR (Littlefield and
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Nelson 1999; Westerheide, Anckar et al. 2009). Furthermore, deactetylation of HSF1 by
SIRT1, via a direct interaction with HSF1 prolongs the DNA binding-competent state of
HSF1 (Westerheide, Anckar et al. 2009; Raynes, Pombier et al. 2013). Interestingly, it
was recently demonstrated that a positive and a negative regulator of SIRT1, AROS
(active regulator of SIRT1) and DBC1 (deleted in breast cancer 1), respectively, also
have a direct impact on HSF1 acetylation status and therefore may indirectly interact with
HSF1 (Raynes, Pombier et al. 2013).
In addition to regulating the DNA binding activity of HSF1, acetylation of
residues outside of the DBD are involved in altering HSF1 trimerization (K116 and
K118), as well as its cellular localization (K208 and/or K224) (Westerheide, Anckar et al.
2009). Therefore, it has been hypothesized that regulation of HSF1 activity via
acetylation is the result of several different methods of disrupting HSF1 functionality.
Despite the degree of HSF1 acetylation and the impact it has on HSF1 activity,
the exact acetyl-transferases responsible for these events remain unknown. However, it is
known that overexpression of p300/CBP (adenosine 3’, 5’-monophosphate (cAMP)
response element-binding protein) induces acetylation of HSF1 at K80, thus inhibiting
HSF1’s DNA binding activity (Xu, Zalmas et al. 2008; Westerheide, Anckar et al. 2009).
To date there is no in vivo evidence revealing a direct interaction between endogenous
p300/CBP and HSF1.

Snapshot of Other Known HSF1 Interacting Partners
Because HSF1 is a finely regulated adaptive stress response, the known HSF1
interactome is quite complex. While several enzymes responsible for the multitude of
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PTMs HSF1 undergoes are known, there are many more that are yet to be discovered.
HSF1 is also known to be negatively regulated by HSPs, but it is likely there are other
protein interactions that regulate or restrain HSF1 activity. HSF1 also interacts with
proteins involved in general transcription, chromatin remodeling, and the cell cycle.
However many questions remain regarding the nature of these interactions and their
impact on the cell. Further understanding HSF1 protein interactions will facilitate a better
understanding of the role of HSF1 in regulating the HSR and may link HSF1 to activities
outside of the HSR.
Links between HSF1 and general transcription of HSPs, as well as non-heat
inducible genes, have been established in many species. For example, HSF1 was found to
directly interact with the Brahma-related gene 1 (BRG1) to stimulate RNA polymerase II
release and elongation in mammalian cells (Sullivan, Weirich et al. 2001; Corey, Weirich
et al. 2003). In D. melanogaster, HSF was shown to directly interact with TRAP 80,
which acts as a bridge between HSF1 and the transcriptional machinery (Park, Werner et
al. 2001). In vitro studies found HSF1 interacts with the general transcription factor
TFIIB and the TATA binding protein, both components of the pre-initiation complex
(Mason and Lis 1997; Yuan and Gurley 2000). HSF1 has also been found to associate
with ASC-2, the co-activator activating signal co-integrator in humans to stimulate
transcription (Hong, Kim et al. 2004). In addition, HSF1 may also be involved in nuclear
transport of hsp mRNA as it was found associated with the nuclear pore-associating
translocated promoter region protein, TPR (Skaggs, Xing et al. 2007). HSF1 acts as a
transcriptional repressor in mice by interacting with CCAAT-enhancer-binding proteins
C/EBPβ to repress interleukin 1β transcription (Anckar and Sistonen 2007). Moreover,
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HSF1 has been shown to be important in recruiting complexes required for chromatin
remodeling. A study by Sullivan et al. (2001) demonstrated HSF1 is important for
mediating SWI/SNF recruitment to specific promoters in order to activate gene
expression (Sullivan, Weirich et al. 2001). This finding was interesting as it points to
HSF1 as a possible mediator of chromatin remodeling.
Negative-feedback regulation of HSF1 occurs by direct interactions with HSPs.
For example, a yeast two-hybrid experiment found HSF1 interacts with the Ral-binding
protein 1 in a repressive heterocomplex that includes Hsp90 and α-tubulin (Hu and
Mivechi 2003). In unstressed cells the DNA binding activity of HSF1 monomers has
been shown to weakly interact with Hsp90, and upon trimerization HSF1 DNA binding
activity can be repressed via a multi-chaperone complex containing Hsp90, the cochaperone p23, and the immunophilin FK506 binding protein 5 (FKBP52) (Zou, Guo et
al. 1998; Guo, Guettouche et al. 2001). The trans-activating capacity of HSF1 trimers can
also be inhibited by a Hsp70 and Hsp40 complex (Abravaya, Myers et al. 1992; Shi,
Mosser et al. 1998; Akerfelt, Morimoto et al. 2010).
Although many HSF1 protein interacting partners are known, there are many
suspected interacting partners that have not been demonstrated to directly interact in vivo.
Understanding the complete network of HSF1 protein interactions is vital to elucidating
the complete cellular role of HSF1. Studies aimed at identifying specific HSF1 protein
interacting partners have been performed using yeast two-hybrid assays (Hu and Mivechi
2003; Skaggs, Xing et al. 2007), co-immunoprecipitation assays (Chiang, Ching et al.
2012), GST-pulldown assays (Hong, Kim et al. 2004), and mutational studies coupled
with kinase or proteomic assays (Wang, Khaleque et al. 2006). While these studies have
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been successful at identifying a number of protein interacting partners, there has yet to be
sufficient investigation aimed at identifying HSF1 protein interacting partners on a
genome-wide level.

Methods for Detecting Protein-Protein Interactions
Detecting protein-protein interactions is of great interest as it has been estimated
that more than 80% of proteins function in complexes with other proteins, but for many
of these complexes all members and their functions remain unknown (Berggard, Linse et
al. 2007). In fact, many protein-protein interactions are part of more complex networks of
interacting proteins that may be involved in many cellular pathways. Therefore,
identifying the interactome of a protein will aid in identifying its complete cellular
function and/or the pathways it is involved in. For example, even though HSF1 is best
understood as the master transcriptional regulator of the HSR, deletion of HSF1 in mouse
models impacted extra-embryonic development, postnatal growth, carcinogenesis and
circadian rhythms (Xiao, Zuo et al. 1999; Dai, Whitesell et al. 2007; Reinke, Saini et al.
2008). Furthermore, deletion of Hsf1 in yeast is lethal even at normal temperatures
(Hahn, Hu et al. 2004) and in D. melanogaster HSF deletion impaired oogenesis and
larval development (Jedlicka, Mortin et al. 1997). Since it is known HSF1 impacts
cellular process in addition to the HSR, it is expected that identifying Hsf1 protein
interactions will provide a more complete understanding of the cellular function of Hsf1
In order to identify protein interactions there are a variety of methods available.
Each method has its strengths and weaknesses and has proved invaluable as a research
tool for mapping protein interactions. The following subsections will describe the
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advantages and disadvantages of a few methods of detecting protein interactions and why
the yeast two-hybrid technique was selected to investigate HSF1 protein interacting
partners in this study.

Purification of Affinity Tagged Proteins
Affinity tag-based approaches involve transfecting cells with a plasmid coding for
the protein of interest fused to a tag. After allowing the fusion protein to be expressed
cells are collected and lysed. The crude cell lysate is then passed through an affinity
matrix that binds the tagged protein along with any interacting proteins and allows the
rest of the cell lysate to pass through. The protein of interest is then eluted from the
matrix and gel-electrophoresis separates the eluted proteins. Finally, protein bands absent
from the control sample are subjected to mass spectrometric analysis to identify the
specifically bound proteins (Berggard, Linse et al. 2007).
Although there are a wide variety of epitope peptides and protein tags available
they have the a few common characteristics: 1) Single step adsorption purification, 2) in
vivo conditions with minimal impact on tertiary structure and protein activity, 3) simple
tag cleavage to leave the native protein, and 4) applicability to a wide variety of proteins
although there are specific purification conditions and buffers for each protein tag.
Among the many affinity tags available a few of the most common include, FLAG,
c-Myc, poly-His and glutathione S-transferase tags. Each tag differs in size and can be
fused to either the amino or carboxy terminus of the protein of interest. Smaller peptide
tags are nice because they tend to not interfere with the protein of interests’ biological
function and do not need to be removed for most applications. Large tags are also useful
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as they tend to make the protein of interest more soluble, but for many assays such as
antibody production the tag must be removed (Terpe 2003).
Affinity-tag based protein purification techniques are advantageous because
unlike many other approaches they are able to identify multi-protein complexes. Also, the
in vivo assay allows for the protein of interest to be modified via PTMS that may increase
or decrease the protein of interests’ affinity for its interacting partners. Another advantage
is that the fusion protein will be localized to its in vivo cellular compartment so many
false positives can be eliminated, unless the kinetics of the interaction are fast enough to
occur once the cell is lysed.
Among the disadvantages of affinity-tag based approaches is the fact that most
transient and/or weak interactions are missed because the technique most strongly
identifies proteins that interact with high affinity and slowly dissociate. Furthermore, if
stringent rinsing procedures are used during the purification and elution of the protein of
interest many transient and/or weak interactions may be lost during the procedure
(Berggard, Linse et al. 2007). Also, certain interactions may not be detected because the
interaction may be inhibited because of the altered stoichiometry of the reaction due to
the increased concentration of the overexpressed tagged-protein compared to its
endogenously expressed interacting partner. Overexpression of the tagged protein may
also activate stress responses like the HSR resulting in the identification of a large
number of HSPs and chaperones (Berggard, Linse et al. 2007). Finally, since the tag is
exogenous it may interfere with protein complex formation or alter localization of the
protein of interest. Below are some specific examples of affinity-tag based methods for
detecting protein-protein interactions. Furthermore, this method has been employed by
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several other studies to detect HSF1 protein interactions (Raitt, Johnson et al. 2000;
Wang, Grammatikakis et al. 2003; Chou, Prince et al. 2012).

Biotinylation and Single Step Purification Using Streptavidin Beads
This method employs in vivo biotinylation of the protein of interest by BirA biotin
ligase isolated from Escherichia coli. First, the protein of interest is fused to a small
artificial peptide that has been shown previously to be become biotinylated by BirA. This
fusion protein is then co-expressed with bacterial BirA biotin ligase. The protein of
interest then becomes biotinylated in vivo and can be purified in one step by binding to
streptavidin beads (Smith, Tripp et al. 1998).
Biotin is a cofactor for metabolic enzymes that is only active when covalently bound
to the enzymes by specific protein-biotin ligases. Since there are very few naturally
occurring biotinylated proteins there is very little chance of cross-reactions occurring as
is common with antibodies. Also, biotin has an extremely high affinity for avidin and
streptavidin. Therefore, biotin bound protein complexes can be purified under very
stringent conditions removing most background binding (de Boer, Rodriguez et al. 2003).
Although biotin/streptavidin purification of protein complexes seems quite ideal
there are a few disadvantages. First, most of the sequence tags available for yeast and
mammalian cells are large in size, around 63 amino acids. This large size may impact the
structure of the protein of interest and thus disrupt its protein interactions, localization
and PTMs. Also, these tags may be recognized by endogenous enzymes, so if the protein
of interest needs to be regulated this system will not work. Lastly, biotinylation tends to
be inefficient especially in mammalian cells (de Boer, Rodriguez et al. 2003).
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Tandem Affinity Purification (TAP)
This method utilizes two affinity tags that are placed on opposite sides of a
tobacco etch virus (TEV) protease cleavage site, referred to as a TAP-tag. After
expressing the TAP-tagged protein of interest in a cell line or organism for a given period
of time to allow for interactions to occur, the cells are collected and lysed and the first tag
is bound to a specific column. Next, TEV-proteinase cleaves the second tag that is still
bound to the protein of interest. The second tag is then bound to a second affinity column
and the protein of interest is then eluted and its interacting partners identified. This
method is unique as it allows for 2 purification steps in order to increase the selectivity of
the assay and reduce false positives. The TEV site is used to prevent early cleavage of the
affinity tags by endogenous proteases because it is uncommon in mammalian proteins
(Berggard, Linse et al. 2007). Another advantage of this method is that it allows for
native purification of the protein complex and may be used in whole organisms like mice
and yeast (Puig, Caspary et al. 2001). One disadvantage of this strategy is that a relatively
large sample size is required as the yield of purified protein is relatively low due to the
two-step purification process. Another drawback of the course of purification steps is that
transient interactions may be lost as is the case with other affinity tag-based protein
isolation methods (Berggard, Linse et al. 2007).

Far Western or Overlay Blot
The Far Western and blot overlay techniques are very similar to performing a
standard Western blot. Samples are separated by SDS-PAGE gel electrophoresis,
transferred to a nitrocellulose or PVDF membrane and then immobilized proteins are
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detected using an overlaid soluble protein probe or antibody. Standard Western blots
detect the protein of interest using specific antibodies, but in Far Western blots the
protein of interest is the overlaid probe. Typically the overlaid probe is a fusion protein
that can be easily detected with an antibody, but other methods can also be employed as
will be discussed below (Hall 2004).
This technique is simplistic as most laboratories are already equipped to perform
the procedure. Also, many samples can be assessed using one blot and the molecular
weight of the protein interacting partners can be determined upon detection. Another
advantage is that depending on the probe used, there are several methods of detecting the
interacting proteins. For example when performing the blot overlay method, if a
biotinylated probe were used then a streptavidin-enzyme conjugate would be used for
detection. When a primary antibody is used the technique is referred to as a Far Western,
but one disadvantage of this approach is the number of washes may be too stringent for
detecting weak interactions (Hall 2004).
A major disadvantage to both approaches is the fact that the protein samples must
be denatured in order to be separated by SDS-PAGE gel electrophoresis. Therefore, any
interactions dependent on secondary or tertiary structure will not be detected. Another
disadvantage is that most detection methods require several wash steps, so interactions
with a high affinity are best detected. Detection is also dependent of the expression level
of the interacting proteins in native tissue, so low expression level proteins may be hard
to detect. Finally, unspecific binding tends to be a problem, so negative controls are very
important in this technique (Hall 2004).
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Yeast Two-Hybrid
Originally developed by Fields and Song (1989) the yeast two-hybrid system
utilizes the modular nature of transcription factors split into two functionally distinct
domains, the DBD and the activation domain (AD) (Fields and Song 1989). Each half of
Gal4 is fused to a different protein of interest and if the two proteins interact, the close
proximity of each domain will result in the reassembly of the Gal4 transcription factor
enabling it to bind DNA and activate transcription of a reporter gene.
This method is ideal as it is a simple, relatively inexpensive, high-throughput
method that can identify in vivo protein interactions. Yeast two-hybrid assays require are
also able to detect transient and/or weak interactions (Berggard, Linse et al. 2007).
Furthermore, the S. cerevisiae genome has been completely sequenced and a library of
approximately 6,000 open reading frames (ORFs) fused to the Gal4 activation domain
(termed prey proteins) is available (Uetz, Giot et al. 2000). The availability of this library
is among the chief reasons why this method was selected to investigate Hsf1 protein
interacting partners. This method was also selected as Hsf1 is suspected to be involved in
many transient interactions, so the ability of the yeast two-hybrid assay to detect transient
interactions was attractive.
Among the disadvantages of the yeast two-hybrid system is the fact that it is only
able to detect binary interactions. Although detecting multi-protein complexes would be
ideal, the many proteomic approaches already performed to identify HSF1 protein
interactions have yet to elucidate the full HSF1 interactome. Therefore, identifying binary
Hsf1 interactions would provide a starting point to begin future research to identify
protein complexes Hsf1 is a member of.
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Another minor drawback of this technique is the high false positive rate reported
(Berggard, Linse et al. 2007). For instance, the overlap of identified interacting partners
of two different genome-wide yeast two-hybrid screens was quite low despite having
both used the same technique (Uetz, Giot et al. 2000; Ito, Chiba et al. 2001). Pooling
interaction data from multiple yeast two-hybrid screens regardless of whether the
identified proteins overlap between the screens has been suggested to highlight transient
interactions that are typically only detected in single screens (Venkatesan, Rual et al.
2009; Vinayagam, Stelzl et al. 2010). Another drawback to performing the genome-wide
yeast two-hybrid is that the library of prey proteins used in this study was generated via
two polymerase chain reactions (PCR) and inevitably contains some errors (Ito, Chiba et
al. 2001; Berggard, Linse et al. 2007). This is a minor drawback though as verification of
identified interactions would be necessary anyway.
While yeast two-hybrid assays for human HSF1 have been performed using a
candidate approach or human expression libraries, a genome-wide matrix-arrayed yeast
two-hybrid assay using yeast Hsf1 as the bait has not been performed previously.
Examples of other types of yeast two-hybrid studies performed include a directed
approach as performed by Skaggs et al. (2007) who used a pGBD-HSF1 bait and two
pV16-TPR mutant preys to identify an interaction between HSF1 and the nuclear poreassociating TPR protein (Skaggs, Xing et al. 2007). Another study performed a yeast
two-hybrid using a LexA-HSF1 fusion protein to screen a human cDNA library and
identified 120 putative protein interactions and identified an interaction between HSF1
and DAXX, a protein responsible for modulating apoptosis and repressing basal
transcription (Boellmann, Guettouche et al. 2004).
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Despite the drawbacks of the yeast two-hybrid approach it was selected to
investigate Hsf1 protein interacting partners due to its ability to identify transient and/or
weak interactions and the ease of genetically manipulating yeast. Also, the availability of
a matrix-arrayed prey library of ~6,000 prey proteins, and the Singer RoToR HDA
pinning robot (both provided by Dr. Kristina Schmidt, University of South Florida) which
made it possible to assess almost the entire S. cerevisiae genome in a short period of time
made performing a yeast two-hybrid screen to identify protein interacting partners of
Hsf1 most attractive.

Introduction to Caenorhabditis elegans
C. elegans is a non-parasitic, free-living, soil-dwelling nematode that is an ideal
model organism for studying the molecular basis of cellular and physiological processes.
It is a convenient model organism as it is small (~1mm), has a short life cycle of 3-4
days, and is easily and inexpensively cultured in a laboratory. It exhibits both sexual and
asexual reproduction to generate copious amounts of offspring and has a transparent
anatomy allowing in vivo microscopic analysis (Barr 2003; Brignull, Morley et al. 2006).
Also making this animal an ideal model organism is the fact that the biology and
behavior of C. elegans is well understood, the genome fully sequenced and wellannotated and there is also a detailed anatomical atlas available, a fate map of all somatic
cells, and numerous mutant strains and reagents are readily available. The availability of
several resources and databases like wormbase.org or the monograph C. elegans II
published by Cold Spring Harbor, for example, make it convenient to find information on
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nematode biology and how to use C. elegans as a model organism (Brignull, Morley et al.
2006).
C. elegans is a useful tool in which to study the HSR, as HSF-1 and the HSR is
conserved. In the absence of proteotoxic stress, HSF-1 is an inactive monomer localized
to the cytoplasm. In response to denaturing stress, HSF-1 becomes trimerized and
localized to the nucleus where it binds to HSEs in the promoter region of heat shock
responsive genes, including hsp genes, and activates their expression. The resulting
increased expression of HSPs results in cellular resistance to many types of
protein-damaging stressors like heat, oxidative stress or infection (Sarge, Murphy et al.
1993; Akerfelt, Morimoto et al. 2010). As mentioned earlier, the yeast HSR functions in
much the same manner, except Hsf1 is constitutively trimerized and bound to the DNA at
most promoters; however, upon stress Hsf-1 becomes hyperphosphorylated and induces
the expression of cytoprotective genes (Anckar and Sistonen 2011). Thus, it is expected
that interactions identified in yeast may be conserved in C. elegans.
C. elegans was used to further study the protein interacting partners identified in
the yeast two-hybrid screens in order to explore if the identified interactions were
relevant in a more complex eukaryote. We utilized a C12C8.1::GFP HSR reporter worm
strain to allow rapid analysis of effects on induction of the HSR by knockdown of our
candidate proteins. This C12C8.1::GFP fusion strain expresses green fluorescent protein
(GFP) under control of the endogenous C12C8.1 promoter, which is an Hsp-70 family
member. Production of GFP indicates the HSR was transcriptionally activated by HSF-1
(Figure 5). Since C. elegans have a transparent body, the appearance of GFP is easily
viewed using fluorescence microscopy.
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Figure 5. Depiction of the C12C8.1::GFP fusion reporter.
The C12C8.1::GFP fusion strain expresses GFP rather than C12C8.1 upon activation by
HSF-1 indicating induction of the HSR.
Double Stranded RNA Genetic Interference in C. elegans
RNA interference (RNAi) is mediated by the introduction of double stranded
RNA (dsRNA), which then specifically knocks-down the expression of a target gene.
Although this is a useful technique in many organisms, it is especially simple and robust
in C. elegans as RNAi mediated gene knockdown can be induced by directly injecting
dsRNA into the animal, by feeding the animal bacteria expressing dsRNA or by soaking
it in a solution of pure dsRNA (Fire, Xu et al. 1998; Tabara, Grishok et al. 1998;
Timmons and Fire 1998). This thesis focuses on the feeding method of delivering RNAi
as it will be employed in the C. elegans study and has been shown to induce robust,
specific gene knockdown that can spread throughout the animal beyond the point of
introduction, is heritable over multiple generations and a large population of RNAi
knockdown worms can be produced at once (Zhuang and Hunter 2012).
In order to increase the concentration of dsRNA present in the bacteria it has been
engineered to be RNaseIII deficient because RNaseIII is a dsRNA specific endonuclease.
The ingested dsRNA is processed into single-stranded small interfering RNAs that target
homologous mRNAs to induce post-transcriptional gene knockdown (Chekulaeva and
Filipowicz 2009) and nascent transcripts to induce transcriptional gene knockdown
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(Moazed 2009) resulting in a loss-of-function phenotype. This method is also ideal as
there is a library of bacteria expressing dsRNA against ~86% of the C. elegans genome
(Kamath and Ahringer 2003).

Summary of Study and Specific Aims
HSF1 is the master transcriptional regulator of the HSR, an evolutionarily
conserved cellular stress response. When cells are challenged with proteotoxic stress
HSF1 becomes activated in a multistep process involving its hyperphosphorylation,
trimerization and translocation to the nucleus where it activates the transcription of HSPs.
The HSPs then facilitate the proper folding of misfolded proteins and aid in preventing
protein aggregates. HSF1 activity is highly regulated by protein interactions that lead to
its activation or repression. HSF1 protein interactions may also be responsible for
detecting alterations in protein homeostasis. Although HSF1 and the HSR have been
studied, many questions remain regarding HSF1 activation and its interaction with
cellular processes to maintain protein homeostasis. Identification and characterization of
HSF1 protein interactions is needed in order to fully understand how HSF1 and the HSR
are regulated and interact with other pathways and to further elucidate the cellular role of
HSF1.
Although many studies have been conducted to identify previously suspected
HSF1 interacting partners, there has never been a matrix-arrayed genome-wide yeast twohybrid screen performed using Hsf1 as the bait protein. The overall goal of this work was
to identify putative Hsf1 interacting partners and determine if the interaction is relevant
to the HSR in C. elegans. The first aim of this study was to perform several yeast two29

hybrid assays in order to identify Hsf1 protein interacting partners for further
characterization. The second aim of this study was determine if knockdown of the C.
elegans homologs of the identified Hsf1 protein interacting partners impacted the HSR in
this model organism.
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Chapter Two: Identification of Previously Unknown Hsf1 Interacting Partners

Experimental Question and Rationale
Heat shock factor 1 (Hsf1), the master regulator of the heat shock response, is
evolutionarily conserved from yeast to humans (Yamamoto, Takemori et al. 2009). In
addition to its role in regulating the heat shock response by activating the transcription of
HSPs, mutational studies of the essential yeast HSF1 gene implicated its involvement in
progression of the cell cycle, cell wall maintenance and replication (Zarzov, Boucherie et
al. 1997; Morano, Santoro et al. 1999; Imazu and Sakurai 2005; Yamamoto and Sakurai
2006). Hsf1 has also been found to directly interact not only with heat shock proteins, but
also with components of the transcriptional machinery, nuclear proteins, and cochaperones for example (Mason and Lis 1997; Bharadwaj, Ali et al. 1999; Guo,
Guettouche et al. 2001; Erkina, Tschetter et al. 2008; Westerheide, Anckar et al. 2009).
Hsf1 undergoes a multitude of post-translational modifications including acetylation,
phosphorylation and sumoylation, but not all of the proteins regulating these
modifications have been identified (Hong, Rogers et al. 2001; Wang, Grammatikakis et
al. 2004; Westerheide, Anckar et al. 2009; Murshid, Chou et al. 2010). Furthermore, Hsf1
is known to target genes encoding proteins with a variety of functions, including
carbohydrate metabolism, energy production and protein folding and maturation, but little
more is known regarding the role of Hsf1 in these processes (Hahn, Hu et al. 2004;
Yamamoto, Mizukami et al. 2005). Given the implications of the involvement of Hsf1 in
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a variety of cellular pathways, the following study was designed to identify S. cerevisiae
Hsf1 interacting partners and to determine if the identified interactions impacted the HSR
in a C. elegans model. It was hypothesized new Hsf1 interacting partners would be
identified by a genome-wide yeast two-hybrid screen.

Overview of Yeast Two-Hybrid Study
The Hsf1 open reading frame (ORF) was cloned in frame into the low copy number
bacterial/yeast pBDC vector encoding the GAL4 DBD and a selectable marker that
enables the synthesis of tryptophan (TRP1) creating the Gal4 DBD-Hsf1 “bait” protein
(Figure 6). This plasmid was transformed into the KHSY3559 strain background (MAT
, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4

gal80

, LYS2::GAL1-HIS3, GAL2-

ADE2, met2::GAL7-lacZ) which uses the ADE2 and HIS3 reporter genes to identify
protein interactions. The matrix-arrayed library of ~6,000 different yeast “prey” proteins
was constructed by cloning an ORF into the low copy number pOAD vector encoding the
GAL4 AD and the selectable marker that enables synthesis of leucine (LEU2) (Uetz, Giot
et al. 2000) (Obtained from Open Biosystems) (Figure 6). The prey was expressed in the
KHSY3558 strain background (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4
gal80

, LYS2::Gal1-HIS3, GAL2-ADE2, met2::GAL7-lacZ). If the bait and the prey

proteins interacted, the Gal4 protein was reconstituted enabling it to bind to its upstream
activator sequence integrated upstream of the reporter genes.
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pOAD
(8,215 bp)

pBDC
(8,429bp)

Figure 6. Yeast two-hybrid assay plasmid vector maps.
The pBDC plasmid was used to create the Gal4 DBD-Hsf1 hybrid bait proteins. The
pOAD plasmid was used to create the Gal4 AD-ORF prey proteins contained with the
yeast two-hybrid matrix arrayed library provided by Dr. Kristina Schmidt (Uetz, Giot et
al. 2000) (Open Biosystems).
The screen performed in this study used the HIS3 reporter gene to identify
interacting proteins. Activation of the HIS3 reporter gene enabled cells containing
interacting bait and prey proteins to synthesize histidine. Thus, colonies harboring
proteins interacting with the Hsf1 bait could survive on media lacking histidine. The host
strains used in this technique have mutations ensuring endogenous Gal4 is absent. Each
host strain also had mutations in the GAL80 gene because its product normally inhibits
Gal4 activity and this mutation eliminates a need for galactose in the growth medium
(Feilotter, Hannon et al. 1994). The haploid bait and prey yeast strains were mated and
the resulting diploid strains were selected on sc-leu-trp. Selection of diploid colonies
containing interacting proteins was carried out by replicating to sc-his-leu-trp. A common
pitfall of the yeast two-hybrid assay is auto-activation of the HIS3 reporter gene by the
bait protein. Since Hsf1 is a transcription factor auto-activation of the reporter was
anticipated. While complete removal of both the N and C-terminal activation domains
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would be expected to decrease or eliminate the auto-activation, it was desired to have a
bait that was as close to full-length as possible in order to not exclude interacting partners
that may interact with the activation domains of Hsf1. Therefore, full-length Hsf1 as well
point mutants and truncation mutants of Hsf1 were tested with 3-amino-1,2,3 triazole (3AT) to increase the stringency of the selection. 3-AT is a competitive inhibitor of
imidazoleglycerol-phosphate dehydratase, the product of the HIS3 reporter gene
(Millson, Truman et al. 2003). It was expected that a low concentration of 3-AT with an
Hsf1 mutant bait protein might reduce background levels of reporter activation, thus
allowing for the detection of interacting proteins with a more “complete” Hsf1 bait. Prior
to performing the genome-wide yeast two-hybrid screen, strains containing several
possible Hsf1 baits were tested for auto-activation of the HIS3 reporter.

Methods
Isolation of Genomic DNA
The following procedure was adapted from the PUREGENE® DNA Isolation Kit
(Gentra Systems, Minneapolis MN). A 2 ml overnight culture of the appropriate yeast
strain in yeast peptone dextrose media (YPD) unless otherwise stated was grown at 30°C
with shaking at 250 rpm. The overnight culture was split into two 1.5 ml eppendorf tubes
and centrifuged at 14,000 x g for 2 minutes. The supernatant was discarded and the pellet
was gently resuspended in 300 µl cell suspension solution. 1.5 µl Lytic Enzyme (5 Prime,
Gaithersburg, MD) was added to the cell suspension and it was lightly vortexed before
being placed in the 37°C incubator for 30 minutes. During this incubation the tubes were
inverted every 10 minutes. After the incubation the tubes were centrifuged at 14,000 x g
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for 1 minute and the supernatant was discarded. The pellet was gently resuspended in 300
µl Cell Lysis Solution (5 Prime, Gaithersburg, MD). 100 µl Protein Precipitation
Solution (5 Prime, Gaithersburg, MD) was then added and the solution was vortexed
vigorously at high speed for 20 seconds before being centrifuged at 14000 x g for 3
minutes. The supernatant was then poured into a sterile 1.5 ml eppendorf tube containing
300 µl 100% isopropanol. The sample was mixed by inversion 50 times and then
centrifuged at 14,000 x g for 10 minutes. The supernatant was decanted and the pellet
was washed with 300 µl of 70% ethanol. This was then centrifuged at 14,000 x g for 1
minute. The supernatant was carefully removed and the pellet was allowed to air dry for
20 minutes before being resuspended in 50 µl 10 mM Tris buffer (pH 8).

Lithium Acetate Yeast Transformation
All yeast transformations were performed using the lithium acetate, singlestranded carrier DNA/polyethylene glycol method (Gietz and Woods 2006). Parental
yeast strains were streaked from frozen glycerol stocks onto pre-warmed YPD agar plates
(unless stated otherwise) and allowed to grow at 30°C for 48 hours before an isolated
colony was used to inoculate a 2 ml culture of YPD liquid media (unless stated
otherwise). This culture was placed at 30°C with gentle shaking overnight. The overnight
culture was then used as the starter culture to seed a 25 ml to 50 ml (depending on the
number of transformations to be done) culture at OD600 0.2. Once the OD600 reached 0.8
(+/- 0.02) the remainder of the culture was transferred to a 50 ml Falcon tube and
centrifuged at 2000 rpm for 2 minutes. The supernatant was decanted and the pellet was
resuspended by shaking with 25 ml of sterile water before being centrifuged at 2000 rpm
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for 2 minutes. The supernatant was removed and the cell pellet was resuspended in 1 ml
of sterile 100 mM LiAc (pH 7.4) before being transferred to a sterile 1.5ml eppendorf
tube. The cells were then pelleted at 14000 rpm for 30 seconds and the supernatant was
discarded. 1% of the final culture volume of 100 mM LiAc (pH 7.4) was then used to
resuspend the pellet. This cell suspension was then equally distributed between the
appropriate number of eppendorf tubes depending on the remaining culture volume after
having checked the OD periodically, each tube was then centrifuged at 14000 rpm for 1
minute and the supernatant was discarded. Without disturbing the pellet the following
were sequentially added; 240 µl of 50% (w/v) PEG-3350, 36 µl sterile 1 M LiAc (pH
7.4), The appropriate PCR product mixed with 100 ng of linearized vector in sterile water
or 100 ng plasmid DNA suspended in sterile water (unless otherwise noted) and 10 µl
boiled and snap-cooled salmon sperm DNA (2mg/ml) (unless otherwise noted). A sterile
toothpick was then used to gently loosen the pellet and the solution was then vortexed at
high speed for 1 minute. The cell suspension(s) were then placed at 30°C for 30 minutes
before being heat shocked at 42°C for 15 minutes in a water bath. After a 1-minute
recovery, the cells were centrifuged at 7000 rpm for 1 minute. The supernatant was
discarded and the pellet was gently suspended in 100 µl sterile water by swirling with 2
sterile toothpicks. This was then spread onto the appropriate selective media using sterile
glass beads. The plates were placed at 30°C for 2-3 days depending on the strain. Finally,
the resulting transformants were streaked for isolated colonies onto the appropriate
selective media and allowed to grow at 30°C until individual colonies could be selected
for further use.
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Trichloroacetic Acid (TCA) Protein Precipitation
A 2 ml culture of the appropriate selective media was inoculated with a single
colony of the yeast strain of interest and was grown overnight with gentle shaking at
30°C. This was used to seed a 10 ml culture at OD600 0.2. Once the culture reached OD600
= 0.5, cultures with an equal volume of cells were created by dividing OD600 2.5 by the
OD600 of the culture. This volume was then pelleted by centrifugation at 2000 rpm for 2
minutes. The cell pellet was then resuspended in 100 µl 20% TCA and transferred to
eppendorf tubes. 100 µl of glass beads were then added and the cell suspension was
vortexed at 4°C for 4 minutes. The supernatant was then transferred to a sterile 1.5 ml
eppendorf tube. The glass beads were rinsed with 100 µl 20% TCA and the supernatants
combined. The suspensions were then centrifuged at 14000 rpm for 2 minutes and the
supernatant was discarded. The pellet was resuspended in 100 µl Laemmli buffer. Then,
50 µl of 2 M Tris pH 7.6 was added and the samples were boiled for 5 minutes at 100°C
before being centrifuged at 14000 rpm for 2 minutes. The supernatant was then
transferred to a sterile 1.5 ml eppendorf tube and stored at -20°C.

Western Blotting
Western blotting and antibody detection were carried out as previously described
(Mirzaei, Syed et al. 2011). 20 µl of TCA extract was resolved on a 10% SDS-PAGE gel
and transferred to either a nitrocellulose or PVDF membrane. Proteins were detected by
incubating the membrane in the appropriate concentration of primary antibody in 5%
blocking milk at 4°C with gentle rotation overnight. The membranes were then washed 3
times with TBST if detecting the Gal4 DBD or TBS if detecting the Gal4 AD for a total
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of 45 minutes, changing the wash buffer after each wash. The blot was then incubated in
ECL Mouse IgG, HRP-linked whole Ab (from sheep) (1:2500) (GE Healthcare Life
Sciences, Pittsburgh, Pa) secondary antibody in 5% blocking milk for 1 hour. The blots
were then washed 3 times with TBST if detecting the Gal4 DBD or TBS if detecting the
Gal4 AD for a total of 15 minutes changing the wash buffer for each wash. The enhanced
chemiluminescense (ECL) Plus or ECL Prime detection reagent (Amersham Biosciences,
Piscataway, NJ) was used to visualize protein bands.

Results
Cloning of HSF1
S. cerevisiae HSF1 was first amplified via polymerase chain reaction (PCR) from
genomic DNA that was isolated from the wild-type yeast strain KHSY802 (MATa ura352, leu2

1, trp1

63, his3

200, lys2

Bgl, hom3-10, ade2

1, ade8,

YEL069C::URA3) following the genomic DNA extraction method detailed above in
Methods. PCR was performed under standard conditions using the Easy-A high-fidelity
PCR cloning enzyme according to the manufacturers guidelines (Agilent, Foster City,
Ca) using primers specific to HSF1, but with sequence extensions complimentary to the
pBDC vector to enable integration into the plasmid via gap repair cloning (primers 60,
61; Appendix B). The HSF1 PCR product was then confirmed using a 1% ethidium
bromide agarose gel (Figure 7) and extracted using the QIAquick Gel Extraction Kit
following the manufacturers protocol (Qiagen, Valencia, Ca).
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Figure 7. Confirmation of PCR amplified HSF1.
The HSF1 PCR product was ~2,500 base pairs as expected after amplification from
genomic DNA isolated from KHSY802 using primers 60 and 61 (Appendix B). The
TriDye 1 kB DNA ladder (NEB) was used for molecular weight comparison.
Linearization of the pBDC vector
The low copy number bacterial/yeast vector pBDC (provided by Dr. Kristina
Schmidt, University of South Florida) (Open Biosystems) was linearized for N-terminal
fusion of the Gal4 DBD to Hsf1 by restriction digestion with PVUII and NCOI (NEB)
according to the manufacturer’s protocol (Figure 6). Linearization of the pBDC plasmid
was confirmed via 1% agarose gel electrophoresis (Figure 8).

Figure 8. Linearization of the pBDC vector.
The pBDC vector (8, 429 bp) was linearized via digestion with the restriction enzymes
PVUII and NCOI (NEB). The TriDye 1 kB DNA ladder (NEB) was used for molecular
weight comparison of the digested pBDC vector (lane 2) and the undigested pBDC vector
(lane 3).
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Gap Repair Cloning
The end joining repair deficient yeast strain KHSY2331 (MATa, ura3-52, leu2Δ1,
trp1Δ63, his3 Δ200, lys2 ΔBgl, horn 3-10, ade2 Δ1, ade8, YEL069C::URA3 lig4::loxPG418loxP) (Appendix A) was streaked onto a pre-warmed YPD plate. The yeast
transformation protocol detailed above in Methods was performed with the following
exceptions. A 25 ml culture was seeded and once the OD600 reached 0.8 the final culture
volume was 23 ml, so it was evenly distributed to 4 eppendorf tubes. In order to ensure
efficient transformation each cell suspension received a varying amount of PCR product,
30 µl, 10 µl or 8 µl, mixed with 100 ng linearized pBDC plasmid DNA and sterile water
for a final volume of 60 µl. Then, 20 µl boiled and snap-cooled salmon sperm DNA
(2mg/ml) was added to the cell suspension. After a 72 hour incubation at 30°C several
colonies had grown on each plate. 12 individual transformants were selected and restreaked for isolation onto pre-warmed sc-trp plates. After a 72 hour incubation at 30°C,
12 individual transformants were selected and genomic DNA from each transformant was
extracted as detailed in Methods. The purified genomic DNA was then used as the
template for a PCR reaction to confirm the presence of HSF1 in the pBDC plasmid using
a reverse primer from inside the HSF1 gene, primer 64, and primer 1717 which is a
forward primer that anneals to the pBDC plasmid just outside of the site of HSF1
integration (Appendix B) (Figure 9). Only samples showing amplification were chosen
to then be electroporated into NEB5α electrocompetent E. coli cells following the
manufacturer’s protocol (NEB). The pBDC-HSF1 plasmid was recovered using the
QIAprep Spin Miniprep Kit (Qiagen, Valencia, Ca) according to the manufacturer’s
protocol.
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Figure 9. PCR confirmation of integration of HSF1 into the pBDC vector.
Primers 64 and 1717 were used to amplify a 500 base pair DNA fragment of 11 clones
(A-K) of the pBDC-HSF1 plasmid. Lanes 2,3,4,6,9, 10, 11, and 12 confirmed integration
of HSF1 into the pBDC plasmid. The TriDye 1 kB DNA ladder (NEB) was used for
molecular weight comparison.
The purified plasmid was confirmed on a 1% ethidium bromide agarose gel
(Figure 9) before being sequenced by MWG Operon (Huntsville, Al) using standard
Sanger dye chain-termination sequencing with both forward and reverse primers
(Appendix B, primers 64-69).

Multi-Site Directed Mutagenesis
Since all copies of pBDC-HSF1 contained mutations, the QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent Technologies, La Jolla, Ca) was used according
to manufacturer’s instructions to mutate HSF1 back to its wild-type sequence. Mutagenic
primers were designed according to the manufacturer’s guidelines (80-83, Appendix B
Primers). It should be noted that since the QuikChange II XL Site-Directed Mutagenesis
kit is designed to work optimally with templates up to 8 kb and the pBDC-HSF1 plasmid
is 9.7 kb an additional primer was added on the opposite side of the plasmid to ensure the
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PfuUltra High Fidelity DNA polymerase would not lose affinity for the plasmid DNA
(84, Appendix B) (Figure 10).

Figure 10. Primer placement for multi-site directed mutagenesis.
The blue triangles represent the 5 primers placed around the plasmid. The fifth primer
positioned on the opposite side of the plasmid enables the polymerase to completely
encircle the 9.7 kB plasmid.
The resulting clones were streaked for isolation, and the mutated pBDC-HSF1
plasmid was recovered using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, Ca)
according to the manufacturer’s protocol and the plasmid purification was confirmed via
1% ethidium bromide agarose gel electrophoresis (Figure 11).

Figure 11. Purification of the mutated pBDC-HSF1 plasmid.
pBDC-HSF1 was mutated back to its wild-type DNA sequence via multi-site directed
mutagenesis. Five of the resulting clones (A-E) were selected and the 9.7 kB pBDCHSF1 plasmid was recovered using the QIAprep Spin Miniprep Kit (Qiagen, Valencia,
Ca). The EasyLadder II (Bioline) was used for molecular weight comparison.
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Finally, the plasmid sequence was confirmed using the sequencing services of
MWG Operon (Huntsville, Al) using standard Sanger dye chain-termination sequencing
with both forward and reverse primers (Appendix B).

Construction of the Gal4 DBD-Hsf1 bait strain (KHSY4697)
The pBDC-HSF1 plasmid was transformed into KHSY3559 (Mat
leu2-3, 112 ura3-52, his3-200, gal4

gal80

trp1-901

, LYS2::Gal1-HIS3, GAL2-ADE2,

met2::GAL7-lacZ) with 100 ng of the pBDC-HSF1 plasmid following the lithium acetate
single-stranded DNA carrier method detailed in Methods. This created the bait strain
KHSY4697 (KHSY3559, pBDC-HSF1) (Appendix A). The transformed cells were
grown on sc-trp media to select for the successfully transformed Trp+ cells. After 72
hours at 30°C individual transformants were selected and streaked for isolation onto fresh
pre-warmed sc-trp plates and allowed to grow for 72 hours at 30°C. Several clones were
then selected and total protein was isolated using the TCA protein precipitation method
detailed in the Methods section of this chapter.

Figure 12. Confirmation of Gal4 DBD-Hsf1 hybrid protein expression.
Total protein extract from 6 clones (A-F) of KHSY4697 were resolved on a 10% SDSPAGE gel and expression of the Gal4 DBD-Hsf1 fusion protein (~120kDA) was
detected. The ColorPlus Prestained Protein Ladder (NEB) was used for molecular weight
comparison.
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Proteins were resolved on a 10% SDS-PAGE gel and Western blot analysis was carried
out (Methods) using the mouse monoclonal anti-Gal4 (DBD) RK5C1:sc510 antibody
(1:200) (Santa Cruz Biotechnology) (Figure 12).

Assessment of Hsf1 self-activation of the HIS3 reporter
The 3 confirmed clones of KHSY4697 and KHSY3560 (MATα trp1-901, leu2-3,
112, ura3-52, his3-200, gal4Δgal80Δ LYS2::Gal1-HIS3, GAL2-ADE2, met2::GAL7-lacZ,
pBDC (Empty)) which expresses the pBDC empty vector (EV) were streaked for
isolation onto pre-warmed sc-trp plates and allowed to grow for 72 hours at 30°C. A
single colony was then streaked out onto each of the following media: sc-trp, sc-his-trp,
and sc-his-trp with 3mM 3-AT (See Appendix F).

Figure 13. The Gal4 DBD-Hsf1 bait self-activates the HIS3 reporter gene.
Each quadrant was streaked with a single colony of KHSY4697 clone 1, 2, or 3 or
KHSY3560 (pBDC EV, negative control). A. sc-trp demonstrates each strain is Trp+. B.
Growth on sc-his-trp demonstrates all 3 clones of KHSY4697 are self-activating the HIS3
reporter. C. All 3 clones of KHSY4697 are also able to grow on sc-his-trp supplemented
with 3-AT which indicates they are strong self-activators of the HIS3 reporter.
Each day for the proceeding 2 weeks photographs were taken to record growth. Each of
the KHSY4697 clones was able to grow on sc-his-trp, and/or sc-his-trp supplemented
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with 3-AT (Figure 13). Therefore, it was concluded that wild-type Hsf1 would not be a
suitable bait protein for a yeast two-hybrid assay as it exhibits strong self-activation of
the HIS3 reporter gene.

Cloning of HSF1 Mutants that Do Not Self-Activate the HIS3 Reporter
In order to overcome Hsf1’s ability to self-activate the HIS3 reporter gene it was
decided to generate Hsf1 truncation mutants: one lacking both the N- terminal (amino
acids 1- 66) and C-terminal activation domains (amino acids 595 - 830) (referred to as
Hsf1 (66- 595)), and the other lacking only the C-terminal activation domain (Hsf1(1587)) as it is known to be the stronger transcriptional activation domain (Sorger 1990;
Green, Schuetz et al. 1995). A double point mutant, Hsf1 F687A and L689A was also
created. These amino acids within the HSF1 C-terminal activation domain were selected
as mutation sites because a study found mutation of similar sites in the human HSF1
activation domain (F492A, L494A) reduced transcriptional activation of hsp70 to 4% of
wildtype (Brown, Weirich et al. 1998) (Figure 14).

Construction of pBDC-hsf1 (66-595)
In order to amplify a PCR product that only encoded Hsf1 amino acids 66 – 595
primers were designed to amplify nucleotides 197 through 1785 of the HSF1 gene with
sequence extensions complementary to the pBDC vector (Appendix B, primers 62 and
63). The hsf1 (66-595) PCR product was then integrated into the pBDC vector via
homologous recombination as described in a previous section. This created the plasmid
pBDC-hsf1 (66-595).
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Figure 14. Comparison of human and yeast HSF1.
Brown et al. 1998 introduced the point mutations F492A, L494A (boxed) in the human
TA and found HSF1 transcriptional activity was reduced to 4% of wild type. A similar
region in the CTA of yeast Hsf1 was selected and the point mutations F687A, L689A
(boxed) were introduced to dampen self-activation of the HIS3 reporter gene. Sequences
were obtained from the NCBI protein database at http://www.ncbi.nlm.nih.gov. Geneious
version 6.0 created by Biomatters was used to generate sequence files. Available from
http://geneious.com.
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A
B
C
D

Figure 15. Alignment of Gal4 DBD-Hsf1 constructs
Figures A-D depict an N-terminal fusion of the Gal4 DBD to a different Hsf1 construct.
A. Wild-type Hsf1 B. Hsf1 with 2 amino acid substitutions, F687A, and L689A in the Cterminal activation domain. C. Hsf1 lacking the C-terminal activation domain. D. Hsf1
lacking both the N- and C- terminal activation domains.
The chimeric protein product of this plasmid will be referred to as Gal4 DBD-Hsf1 (66595) from here on. OneTaq polymerase (NEB), which is designed for GC-rich and
difficult to amplify templates, was used to amplify HSF1 nucleotides 197 – 1785 using
plasmid pRS314-HSF1 (a kind gift from Dr. Kevin Morano) as the template.
Amplification of the 1,692-nucleotide hsf1 (66-595) PCR product was confirmed using a
1% agarose gel (Figure 16). The PCR product in lane 4 of Figure 16 was then gel
extracted using the QIAquick Gel Extraction Kit following the manufacturer’s protocol
(Qiagen, Valencia, Ca) to remove the template plasmid background. Gap repair cloning
was then carried out as described previously to integrate the hsf1 (66-595) fragment into
the pBDC vector. The transformation was plated on sc-trp to select for expression of the
Gal4 DBD-Hsf1 (66-595) plasmid and was incubated at 30°C for 3 days.
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Figure 16. Confirmation of the hsf1 (66-595) PCR product.
The 1,692-nucleotide PCR fragment encoding hsf1 (66-595) with overhangs
complementary to the pBDC vector was successfully amplified as seen in lanes 3 and 4.
The EasyLadder II (Bioline) was used for molecular weight comparison.
Six of the resulting transformants were then selected and re-streaked for isolation
on pre-warmed sc-trp plates. Genomic DNA was extracted as described in Chapter 2,
Methods. Confirmation hsf1 (66-595) was successfully integrated into the pBDC plasmid
was accomplished via a PCR reaction using primers 62 and 64 to amplify a 390
nucleotide fragment of hsf1 (Appendix B). Lanes 2, 4, and 5 of Figure 17 demonstrate
that 3 out of 4 clones tested positive for the presence of hsf 1(66-595) in the pBDC
vector.

Figure 17. hsf1 (66-595) and hsf1 (1-587) were integrated into the pBDC plasmid.
Lanes 2, 4 and 5 confirm ~400 bp fragment of hsf1 (66-595) was integrated into the
pBDC plasmid vector and lanes 6 though 10 confirm hsf1 (1-587) was integrated into the
pBDC plasmid. The EasyLadder II (Bioline) was used for molecular weight comparison.
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This plasmid was then electroporated into NEB5α electrocompetent E. coli cells
(NEB) according to the manufacturer’s guidelines. Twelve of the resulting colonies were
then re-streaked for isolation on LB (Luria-Bertani broth agar) supplemented with
ampicillin (LB+Amp) and incubated overnight at 37°C. The plasmid was then recovered
using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, Ca) according to the
manufacturer’s protocol. A 1% agarose gel was then used to confirm the isolated plasmid
(Figure 18).

Figure 18. Confirmation pBDC-hsf1 (66-595) was recovered.
A 1% agarose gel confirming the gap repair cloning of hsf1 (66-595) into the pBDC
vector was successful. Three of the isolated clones (A-C) were positive for the 8,775 base
pair pBDC-hsf1 (66-595) plasmid. The EasyLadder II (Bioline) was used for molecular
weight comparison.

The hsf1 (66-595) sequence was then confirmed using standard Sanger dye chaintermination sequencing with both forward and reverse primers (Appendix B, primers 64 65) using the sequencing service MWG Operon (Huntsville, Al). All pBDC-hsf1 (66595) constructs contained mutations. The clone containing the least mutations was
selected for site-directed mutagenesis back to wild type. The QuikChange XL Site
Directed Mutagenesis Kit (Agilent) was used according to the manufacturer’s
recommendations with primer 104 (Appendix B) to mutate the single nucleotide
polymorphism A1187T back to T1187A. The resulting clones were re-streaked for
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isolation on LB+Amp. After 24 hours individual clones were selected and the plasmid
was recovered using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, Ca) according to
the manufacturer’s protocol. The purified plasmid was confirmed using a 1% agarose gel
(Figure 19). The hsf1 (66-595) sequence was then confirmed using standard Sanger dye
chain-termination sequencing with both forward and reverse primers (Appendix B,
primers 64 and 65) using the sequencing service MWG Operon (Huntsville, Al). Clone B
was selected for further use.

Figure 19. Recovery of the pBDC-hsf1 (66-595) plasmid after mutagenesis.
Site directed mutagenesis was used to mutate A1187T of hsf1 (66-595) back to wild-type.
All 4 clones (A-D) recovered contained the ~8,700 bp pBDC-hsf1 (66-595) plasmid after
mutagenesis as compared to the EasyLadder II (Bioline) DNA marker.

Cloning hsf1 (1-587)
The hsf1 fragment lacking its C-terminal activation domain was generated using
the QuikChange XL Site Directed Mutagenesis Kit (Agilent) following the
manufacturer’s guidelines by mutating serine 587 to a stop codon (TAG) with primers 76,
77 and 84 (Appendix B). The template for this PCR reaction was the previously created
pBDC-HSF1 plasmid. The resulting pBDC-hsf1 (1-587) plasmid was recovered using the
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QIAprep Spin Miniprep Kit (Qiagen, Valencia, Ca) according to the manufacturer’s
protocol. Plasmid purification was confirmed on a 1% agarose gel as seen in Figure 20.
Successful mutagenesis of S587 was confirmed using standard Sanger dye chaintermination sequencing with both forward and reverse primers (Appendix B, primers 64 69) using the sequencing service MWG Operon (Huntsville, Al). Clone A was then
selected for further use.

Figure 20. Purification of the pBDC-hsf1 (1-587) plasmid.
Agarose gel confirming 6 clones (A-F) of the pBDC-hsf1 (1-587) plasmid (8.7 kB) were
recovered as compared to the EasyLadder II (Bioline) DNA marker..
hsf1 F687A, L689A
Multi-site directed mutagenesis was performed using the QuikChange II XL SiteDirected Mutagenesis Kit according to the manufacturer’s guidelines using the pBDCHSF1 plasmid described above as the template. Primers 74 and 75 were designed to
introduce the F687A and L689A point mutations and Primer 84 (Appendix B) was added
to ensure the PfuUltra High-fidelity polymerase would be able to completely encircle the
plasmid (Agilent Technologies, La Jolla, Ca). The resulting transformants were restreaked for isolation on LB+Amp and allowed to grow 24 hours at 37°C. The plasmid
was recovered using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, Ca) according to
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the manufacturer’s protocol and confirmed on a 1% agarose gel (Figure 21). Successful
mutagenesis of F687 and L689 to alanine was confirmed using standard Sanger dye
chain-termination sequencing with both forward and reverse primers (Appendix B,
primers 64- 69) using the sequencing service MWG Operon (Huntsville, Al). Clone A
was selected for further use.

Figure 21. Confirmation of recovery of the pBDC-hsf1 F687A, L689A plasmid.
After performing multi-site directed mutagenesis, 8 clones (A-H) of the pBDC-hsf1
F687A, L689A plasmid was recovered. Lanes 2 through 9 confirm the ~9.7 kB plasmid
was isolated. These plasmids were then sent for sequencing confirmation of the
introduced mutation. The TriDye 1 kB DNA ladder (NEB) was used for molecular
weight comparison
Construction of Mutant hsf1 bait strains
The following bait strains were created by transforming 100 ng of the plasmid
into KHSY3599 following the lithium acetate yeast transformation procedure described
in Methods: KHSY4698 received pBDC-hsf1 (1-587), KHSY4699 received pBDC-hsf1
(66-595), and KHSY4700 received pBDC-hsf1 (F687A, L689A) (Appendix A). Six
clones from each transformation were selected and re-streaked onto pre-warmed sc-trp
plates for isolation. After a 72 hour incubation at 30°C, six individual colonies were
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selected and saved. Overnight liquid sc-trp cultures were prepared for 3 clones of each
strain created and total protein was extracted following the TCA protein precipitation
method described in Methods. Expression of the Gal4 DBD chimeras was confirmed
following the Western Blot procedure detailed in Methods using the mouse monoclonal
anti-Gal4 (DBD) RK5C1:sc510 antibody (1:200) (Santa Cruz Biotechnology) (Appendix
D) (Figure 22).

Figure 22. Confirmation of Gal4 DBD-hsf1 mutant fusion protein expression.
A 10% SDS-PAGE gel resolved 20 µl of each of the total protein extracts from
KHSY4698, KHSY4699 and KHSY4700. The mouse monocolonal anti-Gal4
(DBD)RK5C1:sc510 antibody (1:200) (Santa Cruz Biotechnology) detected the Gal4
DBD fusion proteins. The ColorPlus Prestained Protein Ladder (NEB) was used for
molecular weight comparison.

Assessment of Mutant Hsf1 Self-activation of the HIS3 Reporter
KHSY4698, KHSY4699 and KHSY4700 (Appendix A) were streaked out from
frozen 40% glycerol stocks onto pre-warmed sc-trp plates for isolation. A single colony
from each strain was then re-streaked for dilution on the following types of media: sc-trp,
sc-his-trp, sc-his-trp with 3mM 3-AT, and sc-his-trp with 15mM 3-AT. Each day for the
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proceeding 2 weeks photographs were taken to record growth (Appendix O). It was
determined that the bait strain, KHSY4798, expressing Gal4 DBD-Hsf1 (1-587) and the
bait strain, KHSY4700, expressing Gal4 DBD-Hsf1 F687A, L689A would each be used
individually as the bait for the genome-wide yeast two-hybrid assays using 3mM 3-AT to
reduce background activation of the HIS3 reporter gene (Figure 23). This decision was
based on the fact that Hsf1 F687A, L689A is a full-length construct and most resembles
the wild-type HSF1 allele and Hsf1 (1-587) is the most full-length wild-type truncation
mutant created that did not auto-activate the HIS3 reporter. It should be noted that this
study was the first time hsf1 F687A, L689A has ever been tested before. It was also
determined that 3mM 3-AT was the lowest concentration of 3-AT that would be suitable
to increase the stringency of each screen and dampen self-activation of the HIS3 reporter.

Figure 23. KHSY4698 and KHSY4700 do not self-activate the HIS3 reporter.
Photos of KHSY3560, KHSY4699, KHSY4698, KHSY4700 and KHSY4697 after 2
weeks of growth on selective media. A. All 5 constructs are TRP+ indicating the pBDC
plasmid is present. B. Growth on sc-his-trp indicated activation of the HIS reporter. C. 3
mM 3-AT added to sc-his-trp dampened histidine synthesis in all strains except for
KHSY4697. D. sc-his-trp supplemented with 15 mM 3-AT blocked histidine synthesis.
Matrix-Arrayed Genome-Wide Yeast Two-Hybrid Assay
The genome-wide matrix arrayed yeast two-hybrid library was provided by Dr.
Kristina Schmidt (University of South Florida). This library of approximately 6,000 S.
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cerevisiae ORFs fused to the Gal4 AD was originally obtained from the Fields lab and is
described in (Uetz, Giot et al. 2000) (Open Biosystems). The sixteen 384 well format
library plates were first replica plated to freshly prepared sc-leu PlusPlates (Singer) using
the RoTor HDA pinning robot (Singer Instruments) located in the laboratory of Dr.
Kristina Schmidt. After replicating each plate the new library plate was placed in the
30°C incubator for 48 hours. In order to ensure the bait strain was free of any
spontaneous mutations, screen 1 began with a fresh transformation of KHSY3559 with
the pBDC-hsf1 F687A, L689A plasmid as described earlier. A single isolated colony
expressing the Gal4 DBD-Hsf1 F687A, L689A bait was then used to inoculate a 10 ml
overnight culture of sc-trp liquid media that was placed in the 30°C incubator with
shaking at 250 rpm. Using the RoToR HDA pinning robot this overnight culture was
used as the bath to print 4 bait plates on freshly prepared PlusPlates containing YPD.
These bait plates were placed in the 30°C incubator for 72 hours. Next, the bait was
mated with each of the library plates on YPD PlusPlates using the RoToR HDA pinning
robot. These plates were placed in the 30°C incubator for 48 hours before diploids were
selected by transferring the mated colonies to sc-leu-trp PlusPlates using to RoToR HDA
pinning robot. After allowing diploid colonies to grow at 30°C for 72 hours colonies
containing interacting bait and prey proteins were selected by replica plating each diploid
colony to sc-his-leu-trp PlusPlates supplemented with 3mM 3-AT. These plates were
placed in the 30°C incubator and were allowed to grow for 2 weeks. Photographs were
routinely taken to record colony growth in order to determine which colonies contained
interacting bait and prey proteins (Appendix G). At the conclusion of this two-week
period, colonies were compared and those exhibiting increased growth as compared to
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those with minimal or no growth were recorded and identified based on the colony
position within the matrix-array. Screen 1 generated 42 putative interacting proteins
(Appendix K). Screen 2 was performed by repeating the entire procedure just described
using the Hsf1 F687A, L689A bait and resulted in the identification of 24 putative
interacting proteins (Appendix L).
Since both genome-wide yeast two-hybrid screens performed using Hsf1 F687A,
L689A as the bait had no overlap in interacting partners identified it was decided to
perform another set of yeast two-hybrid screens using the KHSY4698 bait strain. The
entire yeast-two hybrid assay just described including the fresh transformation of
KHSY3559, but with the pBDC-hsf1 (1-587) plasmid was repeated. Screens 3 and 4 are
the replicate screens with the Gal4 DBD-Hsf1 (1-587) bait. Photographs of the plates
selecting for interacting bait and prey proteins can be found in Appendix I and Appendix
J. Screen 3 generated 83 potential interactions (Appendix M) and Screen 4 generated 91
potential interactions (Appendix N). Unfortunately, no known Hsf1 interacting partners
were identified in any of the screens performed; however, Sti1, an Hsp90 co-chaperone
that is a known Hsf1 genetic interacting partner was identified (Liu, Morano et al. 1999).

Selecting Candidates for Further Characterization
As with the yeast two-hybrid assay using the Hsf1 F687A, L689A bait, each
replicate of the Hsf1 (1-587) yeast two-hybrid screen yielded distinct results. Therefore, a
two-pronged approach was adapted in determining which of the identified interactions to
further pursue. First, each of the hit colonies identified was measured for size and the 15
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largest colonies were selected for further analysis because increased colony growth
reflects a stronger interaction between the Hsf1 bait and the prey protein (Table 1).

Table 1. Fifteen strongest identified interactions, their known homolog and general
function obtained from the Saccharomyces Genome Database.
Protein Identified

Human homolog

C. elegans homolog

General Function

YLR312C
Aat2
Cyb2
Ctk1
Prp46 (YPL151C)

x
GOT1
HAO2
CDK9
PLRG1

x
x
cdk-9
tag-135

Unknown
Cytosolic aminotransferase
Cell metabolism
Cyclin-dependent kinase subunit
Spliceosome

Amn1

AMN1

C02F5.7

Mitotic checkpoint regulator

Rmt2 (YDR465C)
Mrs6 (MSI4)
Far7p (YFR008W)

x
CHML
FAR2

x
rep-1
x

Apc5

ANAPC5

x

Hfd1 (YMR110C)
YKL097C
Apt1 (YLR118C)
Die2
Bul2 (YML111W)

ALDH3B.1
x
APRT
ALG10
x

x
x
T19B4.3
x
x

Arginine methyltransferase
Rab escort protein
Recovery from cell cycle arrest
Subunit of anaphase promoting
complex
Alcohol dehydrogenase
Unknown
Phosphoribosyltransferase
Glycolsylation
Essential for growth in stress conditions

Next, the 240 putative HSF1 interacting partners were assessed using the National
Center for Biotechnology Information (NCBI) program HomoloGene, which identifies
homologs by comparing the protein of the gene input to proteins in other species using
the NCBI basic local alignment search tool for proteins and then maps the identified
proteins back to their corresponding DNA sequences. The 33 proteins with homologs in
both C. elegans and Homo sapiens were selected because it was of interest to further
characterize Hsf1 protein interacting partners in more complex eukaryotes in the future
(Table 2). As will be further explained in the following chapter, we first explored a
potential impact on the HSR by identified Hsf1 interacting partners in C. elegans because
our laboratory has expertise in C. elegans research. We also have an HSR reporter C.
elegans strain that enables the rapid identification of an altered HSR due to knockdown
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of the identified interacting partner by feeding the animals bacteria expressing dsRNA
from our C. elegans RNAi library.

Verifying Expression of Selected Prey Proteins
In order to further narrow down our pool of 48 prey proteins, we confirmed the
expression of our hits. This was done because the library of prey proteins used to perform
each yeast two-hybrid screen has not been previously verified. Only full-length proteins
fused to the Gal4 AD were further pursued because the prey protein library is an ORF
library meaning only full-length proteins fused to the Gal4 AD are expected to be
present. Proteins detected at an unexpected molecular weight would be indicative of a
mutation in the ORF or could indicate the wrong gene or no gene was cloned into the
pOAD vector.
Therefore, total protein extracts from each of the 48 prey strains selected for
further characterization were prepared by first streaking from the library prey strain for
isolation onto pre-warmed sc-leu plates. Each strain was allowed to grow at 30°C for 72
hours. A single colony from each strain was then inoculated in a 10 ml culture of sc-leu
broth and grown at 30°C with gentle shaking overnight. This overnight culture was then
used to seed a 5 ml culture for a TCA protein precipitation of each strain as described in
Chapter 2 Methods and 2 ml of each overnight culture was used to perform genomic
DNA isolations as described in Chapter 2 Methods. The genomic DNA was saved so the
plasmid could be recovered if the protein was detected at the proper molecular weight.
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Table 2. Putative protein interacting partners with homologous proteins in C. elegans.
Identified Interactors with Homologous Proteins in C. elegans
S. cerevisiae

C. elegans

S. cerevisiae

C. elegans

Sec27

F38E11.5

Hpa1

elpc-3

Ubc6

ubc-26

Msi4

rep-1

Cwc27 (YPL064C)

cyn-16

YDR378C

lsm-6

Sti1

R09E12.3

Smc3

smc-3

Gtr2

Y24F12A.2

Neo1

tat-6

Dld1

LLC1.3?

Rnr3

rnr--1

Efb1

F54H12.6

Mod5

gro-1

Rdi1

rhi-1

Rim2

T09F3.2

Cdc34

ubc-3

Ash1

ash-2

Rpb7

rpb-7

Taf60

taf-6.1

Ecm16

rha-2

Trm1

trm-1

Cdc8

R53.2

Cdc39

let-711

Dsf2

rps- 3

Tas1

mys-1

Slm3

B0035.16

Cct3

cct-3

Zuo1

dnj-11

Rps18A

rps-18

Npa3

gop-2

Rpr2

chp-1

Dcn1

dcn-1

In order to denature and separate the total protein extracts each of the 48 TCA
protein extracts were boiled for 5 minutes at 100°C and resolved on a 10% SDS-PAGE
gel. The Western Blotting procedure described in Chapter 2 Methods was performed
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using the monoclonal anti-Gal4 AD C-1 Sc-1663 antibody (1:200) (Santa Cruz) to detect
the Gal4 AD fusion protein (Figure 24).

Figure 24. Fourteen prey proteins were properly expressed as Gal4 AD chimeras.
The Gal4 AD was probed with the mouse monoclonal anti-Gal4 AD (C-1 Sc-1663)
antibody (Appendix D). See Table 3 for the expected molecular weight of each protein
detected (minus the 23kDA Gal4 AD) and its general function. The ColorPlus Prestained
Protein Ladder (NEB) was used for molecular weight comparison.
Of the 48 proteins assessed for expression only 14 proteins, Cwc27, Apt1, Lsm6, Prp46,
YKL097C, Rim2, Npa3, Gcn5, Trm1, Prp40, Sti1, Tas1, Taf60 and Msi1 were
demonstrated to express a Gal4 AD fusion protein at the expected molecular weight
(Figure 24).

Manual Two-Hybrid Verification of Identified Interactions
The 14 candidates selected for manual two-hybrid verification where chosen based on
having verified expression of the Gal4 AD chimeric protein. In order to determine if the
interaction could be manually reproduced the prey protein was co-expressed in the bait
strain (KHSY4698) and in a control strain expressing the Gal4 DBD empty vector
(KHSY3560). In order to recover the prey plasmid from the library, genomic DNA from
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Table 3. Expected molecular weight and the general function of prey proteins
detected via Western blot analysis.
Protein
Apt1
Cwc27
Prp46
Lsm6
Gal4 AD
YKL097C
Rim2
Npa3

Molecular
Weight
24.7 kDA
35.02 kDA
50.75 kDA
9.39 kDA
23 kDA
15.4kDA
42.1 kDA
43.19 kDA

Gcn5
Trm1
Prp46
Sti1
Tas1
Taf60
Mak5

51.069kDA
64.05 kDA
69.06 kDA
66.26 kDA
52.6 kDA
57.9 kDA
87.04 kDA

Msi1

47.3 kDA

General Function
(yeastgenome.org)
Member of the spliceosome
Involved in pre-mRNA splicing
Involved in splicing
Involved in RNA processing
Interacts with the Gal4 DBD
Dubious ORF unkikely to encode protein not conserved
Mitochondrial purimidine nucleotide transporter
GTPase family member involved in replication stress and has a
role in RNAPOLII transport
Acetyltransferase
tRNA methyltransferase
U1 snRNP protein involved in splicing
Hsp90 cochaperone
Acetyltransferase
Subunit of TFIID and SAGA complexes
Essential nucleolar protein involved in biogenesis of large
ribosomal subunits
Subunit of chromatin assembly factor (CAF-1)

each of the selected prey strains (Gal4 AD EV, Cwc27, Apt1, Lsm6, Prp46, YKL097C,
Rim2, Npa3, Gcn5, Trm1, Sti1, Tas1, Taf60, Mak5 and Msi1) was extracted as detailed
in the Methods section. This was then electroporated into NEB5α electrocompetent E.coli
cells following the manufacturer’s protocol (NEB). The resulting colonies were streaked
for isolation on LB+Amp plates and allowed to grow at 37°C for 24 hours. Isolated
clones from each strain were selected and the prey plasmids were recovered using the
QIAprep Spin Miniprep Kit (Qiagen, Valencia, Ca) according to the manufacturer’s
protocol.

61

Co-expression of the Bait and Prey
KHSY3560 and KHSY4698 (Matα trp1-901, leu2-3, 112, ura3-52, his3-200,
gal4Δgal80Δ, LYS2::Gal1-HIS3, GAL2-ADE2, met2::GAL7-lacZ, pBDC-hsf1(1-587))
were each streaked onto pre-warmed sc-trp plates. Both strains were allowed to grow at
30°C for 72 hours. A 10 ml starter culture of sc-trp was inoculated with a single
KHSY3560 colony and a 10 ml starter culture of sc-trp was inoculated with a colony of
KHSY4698. These starter cultures were allowed to grow overnight at 30°C and were
used to seed 50 ml cultures at OD = 0.2. The lithium acetate yeast transformation detailed
under Methods was precisely followed and each strain received 100 ng of one of each of
the following prey plasmids Gal4 AD EV, Cwc27, Apt1, Lsm6, Prp6, YKL097C, Rim2,
Npa3, Gcn5, Trm1, Prp40, Sti1, Tas1, Taf60, Mak5 and Msi1. Selection of transformed
colonies was carried out using sc-leu-trp plates to select for clones expressing both yeast
two-hybrid vectors (Leu+, Trp+).

Manual Yeast Two-hybrid Assay
Each haploid strain co-expressing the Hsf1 (1-587) bait and the identified prey
protein was grown overnight in sc-leu-trp. The overnight cultures were used to seed a
culture at OD = 0.2 that was allowed to grow to an OD = 0.5. These exponentially
growing cultures were serially diluted 10-fold and then spotted onto the following media;
sc-leu-trp to select for expression of both the bait and prey; sc-his-leu-trp to detect
activation of the HIS3 reporter gene (HIS+ colonies); sc-his-leu-trp-ade to detect
activation of both the HIS3 and ADE2 genes (HIS+, ADE+ colonies); and sc-his-leu-trp
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supplemented with either 0.5 mM, 1 mM, 3 mM, or 5 mM 3-AT to detect interactions
activating the HIS3 gene strong enough to overcome competitive inhibition of the product
of the HIS3 gene imidazoleglycerol-phosphate dehydrogetase. Photographs of each plate
were taken daily to record colony growth. An interaction was considered repeatable if it
exhibited increased growth as compared to the pBDC EV and the pOAD EV control
strains. Based on increased growth compared to the control strains (pOAD EV with
pBDC EV) on selective media, it was concluded that the interactions between Hsf1 (1587) and 4 prey proteins, Sti1, Prp46, Trm1 and Rim2 are repeatable (Figure 25,
Appendix O). The Hsf1 (1-587) bait strain was used for re-testing interactions because
the majority of the candidate prey proteins were identified in that screen. It is possible
that some of the identified interactions would have repeated if the Hsf1 F687A, L689A
bait were also re-tested. Because the interactions were not repeatable under the exact
same conditions as were used in the initial yeast two-hybrid screen it is possible the
identified interactions may be transient in nature as transient interactions are difficult to
detect in multiple experiments (Venkatesan, Rual et al. 2009).
Also, known Hsf1 interacting partners should have been tested prior to
performing the yeast two-hybrid screens as an addititional control in order to verify the
medium used for selection was the properly prepared. The yeast two-hybrid system is
sensitive to changes in the pH and the concentration of nutrients in the medium, so this
may have lead to the lack of reproducibility in the screens performed. These positive
controls should be used if the yeast two-hybrid screens are optimized in the future as
growth of the empty vector controls in the manual yeast two-hybrid assay may indicate
the media is not optimally prepared, as these controls typically do not grow.
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Figure 25. Interactions between Hsf1 (1-587) and 4 prey proteins, Sti1, Prp46, Trm1
and Rim2 are repeatable.
Each photo is representative of 2 weeks of growth of colonies co-expressing the Gal4
DBD-Hsf1 (1-587) bait or the empty Gal4 DBD and the indicated prey protein or the
Gal4 AD empty vector (EV) on the most stringent selective media in which the
interaction was repeatable. A. Hsf1 interactions with Prp46 and Rim2 are repeatable. B.
Rim2 and Prp46 interact with Hsf1 C. Hsf1 interactions with Rim2 and Trm1 are
repeatable. D. An interaction with Sti1 is repeatable.
Summary of Yeast Studies
After performing this genome-wide yeast two-hybrid assay several conclusions
can be drawn. First, Hsf1 is a strong transcriptional activator and auto-activates the HIS3
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reporter gene utilized in this yeast two-hybrid assay. Second, truncation of the C-terminal
activation domain amino acids 588-833, or mutagenesis of 2 key residues within the Cterminal activation domain F687A, L689A is sufficient to dampen auto-activation of the
HIS3 reporter gene when the selection media is supplemented with 3 mM 3-AT. Removal
of the both the Hsf1 activation domains (NTA and CTA) also eliminates Hsf1-mediated
activation of the HIS3 reporter gene. Finally, after performing 4 independent yeast
two-hybrid assays, binary interactions between Hsf1 and 4 prey proteins, Sti1, Prp46,
Trm1 and Rim2 are considered repeatable by manual two-hybrid. Thus, the list of 240
potential interacting partners generated by 4 independent matrix-arrayed yeast two-hybrid
screens has been narrowed down to the 4 top candidates based on either the strength of
the initial interaction, or conservation in C. elegans and each interaction was able to be
repeatability via a manual yeast two-hybrid assay.
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Chapter 3: Investigation of the Effect of RNAi-mediated Knockdown of Identified
Hsf1 Interacting Partners on the Heat Shock Response in C. elegans

Experimental Question and Rationale
HSF1 is evolutionarily conserved from yeast to humans and is the master
transcriptional regulator of the HSR. Although the overall structure differs slightly
between species, all HSF proteins have highly conserved domains including the DNA
binding domain, trimerization domain, and regulatory domain (Sakurai and Takemori
2007). HSF1 proteins across species are also regulated in a similar manner via PTMs and
interaction with HSPs. Thus, although protein interactions do become more complex
during evolution, it is expected that the homolog of proteins identified to interact with
yeast Hsf1 will also interact with HSF1 in other eukaryotes. Characterization of proteins
identified to interact with Hsf1 in the yeast two-hybrid studies performed is necessary to
understand how these interactions impact HSF1 function and/or the HSR.
The C. elegans reporter strain C12C8.1::GFP was used to determine if the HSR
was effected by RNAi-mediated knockdown of the identified Hsf1 interacting proteins.
The C12C8.1::GFP reporter strain of C. elegans harbors GFP fused to the endogenous
C12C8.1 promoter, a member of the Hsp 70 family. Upon stress hsf-1 binds to the
C12C8.1 promoter and induces the expression of GFP, which indicates activation of the
HSR by hsf-1. It was hypothesized that knockdown of the identified Hsf1 protein
interacting partner would impact activation of the HSR in C. elegans. This C.
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elegans study was performed to rapidly determine if an Hsf1 interacting partner(s)
identified in the yeast studies impacts induction of an HSR reporter in C. elegans.

Methods
C. elegans Strains and Culture Conditions
Both strains used in this study, the wild-type N2 strain and the C12C8.1::GFP
reporter fusion strain were obtained from Dr. R.I. Morimoto (Northwestern University).
The C12C8.1::GFP strain contains GFP under the control of the endogenous C12.C8.1
promoter, an hsp-70 homolog. This reporter strain was used to indicate activation of the
HSR via GFP expression. Both strains were maintained under standard conditions on
standard NGM media seeded with Escherichia coli OP50 and incubated at 24°C (Brenner
1974).

Bleach Synchronization
In order to obtain an age-synchronized population of animals for all experiments
each strain of C. elegans was first bleach-synchronized as described previously (Lewis
and Fleming 1995). Animals were washed off the NGM plate with 5 ml of M9 minimal
media and then transferred to a 15 ml conical vial. After pelleting the animals at 5000
rpm for 1 minute, a 20% hypochlorite solution was used to re-suspend the pellet. This
was placed on the nutator for 5 minutes at room temperature until all animals were killed
leaving only the bleach-resistant eggs. The eggs were then pelleted at 5000 rpm for 1
minute. The supernatant was discarded and the pellet was washed 3 times in 15 ml M9
minimal media. After the third wash the pellet was re-suspended in 7 ml M9 minimal
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media and placed in the 24°C incubator with shaking at 220 rpm for 24 hours to allow the
eggs to hatch. The resulting L1 larvae were then used for experiments.

RNAi Feeding
E. coli HT115 strains engineered to express dsRNA from an existing RNAi
bacterial library (Source Bioscience) against sti-1, prp-46, T09F3.2 (Rim2), hsf-1
(negative control) or the L4440 plasmid empty vector (positive control) were streaked out
from frozen glycerol stocks onto LB+Amp plates and grown overnight in a 37°C
incubator (See Appendix E for RNAi strain information). A single colony was then
inoculated into 50 ml LB+Amp liquid media and placed in a 37°C shaking incubator for
6 hours. The 50 ml cultures were transferred to 50 ml conical vials and pelleted at 3500 x
g for 10 minutes. Each culture was concentrated 10X by re-suspending the pellet in 5 ml
of the supernatant. RNAi plates were prepared by seeding 100 mm NGM plates
supplemented with 1mM IPTG and 500 µg/ml Amp with 200 µl of the appropriate
dsRNA-expressing bacteria. These plates were left at room temperature overnight to
induce the expression of dsRNA. Next, an age-synchronized population of N2 (wildtype) or C12C8.1::GFP L1 larvae were spotted onto each of the freshly prepared RNAi
plates. The L1 larvae were allowed to grow to adulthood (~48 hours) in a 24°C incubator
with the dsRNA-expressing bacteria as their only food source.

Inducing the Heat Shock Response
After ~48 hours of feeding on the dsRNA-expressing bacteria the now adult C.
elegans were to exposed to a 33°C heat shock for 30 minutes by wrapping each plate
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with parafilm and submerging it in a 33°C water bath. The zero heat shock plates served
as a negative control for the impact of stress induction and remained in the 24°C
incubator throughout this time. The C12C8.1::GFP plates were placed back into the 24°C
incubator for 6 hours in order to allow for the production of the GFP protein prior to
being analyzed via fluorescence microscopy. The N2 worms were immediately collected
in M9 minimal media and pelleted at 4°C at 5000 rpm for 1 minute. The pellet was then
washed 3 times with M9 minimal media to remove any remaining bacteria before being
placed at -80°C.

Results
Knockdown of T09F3.2 (Rim2), sti-1 and prp-46 Increase Activation of a HSR Reporter
In order to assess induction of GFP expression the C12C8.1::GFP reporter worms
that had been fed dsRNA prior to being subjected to a 33°C heat shock were analyzed
using the EVOS XL fluorescence microscope (AMG). Individual animals were picked
from each plate and placed in a drop of M9 minimal media on a slide. Another drop of 1
mM levamisole (Acros Organics) was added to the drop of M9 minimal media to
paralyze the animals. Fluorescent images of at least 12 individual animals from each of
the different RNAi treatments were captured (Appendix P). Image J software was used to
assess the relative fluorescence intensity of GFP expression (Figures 26 and 27).
As expected, the empty vector positive control did not fluoresce prior to heat
shock, but after heat shock GFP was expressed. As previously reported, the positive
control demonstrating the RNAi was producing the expected effect on the HSR which
was the hsf-1 dsRNA fed animals, exhibited a drastically reduced HSR as indicated by
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significantly less GFP fluorescence upon heat shock as compared to empty vector-fed
animals and no GFP fluorescence was observed prior to heat shock (Raynes, Leckey et al.
2012).

Figure 26. RNAi knockdown impacts the heat shock response.
C12C8.1::GFP C. elegans were either left at their homeostatic temperature of 24°C (No
heat shock) or were exposed to a 30 minute heat shock at 33°C and allowed to recover for
6 hours at 24°C (heat shock). Compared to empty vector (positive control), and RNAi
against hsf-1 (negative control), T09F3.2 (Rim2), prp-46 and sti-1 RNAi increased
activation of the C12C8.1 promoter resulting in the increased production of GFP upon
heat shock.

Figure 27. RNAi-mediated knockdown of HSF-1 interacting partners impacts
activation of the C12C8.1 (hsp70) promoter.
C12C8.1::GFP reporter animals were fed RNAi against the indicated protein and were
either treated with a 30 minute heat shock at 33°C followed by a 6 hour recovery at 24°C
(+HS) or remained at their homeostatic temperature of 24°C. GFP was observed by
fluorescence microscopy and ImageJ was used to quantify the relative intensity of GFP
fluorescence in arbitrary units of 12 individual animals (Appendix P).
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Although the empty vector positive control verified the phenotypes observed were
not an artifact due to the RNAi plasmid vector and the hsf-1 RNAi control verified that
hsf-1 knockdown abrogates the HSR as expected, it should be noted that additional
controls, including RNAi against a protein known to impact the HSR and RNAi against a
protein known to not impact the HSR, should have also been used.
Interestingly, ImageJ analysis of animals fed dsRNA against T09F3.2 (Rim2)
exhibited a significant increase of GFP fluorescence upon heat shock. The sti-1 RNAi fed
animals also exhibited a significant increase of GFP expression only upon heat shock
when compared to the heat shocked empty vector control animals. Finally, knockdown of
prp-46 also exhibited increased induction of the heat shock response upon heat stress as
compared to the empty vector control, but did not activate the HSR under homeostatic
conditions.

Knock-down of T09F3.2 and sti-1 Impact Endogenous Hsp Gene Expression
RNA was extracted from each N2 pellet collected after treatment using the
standard TRIzol RNA extraction protocol (Sigma Aldrich). cDNA was then reverse
transcribed using the High Capacity cDNA reverse transcription kit (Applied Biosystems)
according to the manufacturer’s protocol. Each sample was diluted to 50 ng/µl to be used
as the template for qRT-PCR. The StepOnePlus real-time PCR system (Applied
Biosystems) using iTaqTM Fast SYBR® Green Supermix with ROX (Bio-Rad) was used
according to the manufacturer’s protocol. Primers 21, and 22 were designed to detect
amplification of the C. elegans C12C8.1 gene (Appendix B). All data was normalized to
data obtained using primers designed to detect GAPDH (Appendix B). The calculation of
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relative fold increase compared to the negative control, empty vector samples was
performed following standard calculations and is representative of technical triplicates
(Bookout and Mangelsdorf 2003) (Figure 28). Biological triplicates were not performed
and should be performed in the future in order to verify these results. Another
confounding issue with the experiments performed here is that the induction of the heat
shock response that was expected in the empty vector-fed control animals was not
observed. Therefore, the results presented here require repetition under conditions in
which the positive control works. With these caveats in mind, we note in this preliminary
data that knockdown of prp-46 only increased C12C8.1 mRNA expression about 2-fold
as compared to the approximately 1-fold increase in the empty vector plus heat shock
sample, but did not influence induction of C12C8.1 mRNA prior to heat shock. However,
knockdown of T09F3.2 (Rim2) generated a near 3-fold increase in C12C8.1 mRNA prior
to heat shock as compared to the 1-fold increase in the empty vector control sample and
expression of C12C8.1 decreased upon heat shock. These results are not consistent with
the HSR reporter experiment described above as knockdown of Rim2 generated an
increase in GFP expression upon heat shock (Figure 26). This may be due to the fact the
qRT-PCR is a much more sensitive technique than the HSR reporter experiment.
Knockdown of sti-1 had the greatest impact on induction of the C12C8.1 gene,
resulting in nearly a 6-fold increase of C12C8.1 mRNA upon heat shock as compared to
the approximately 1-fold increase in the empty vector plus heat shock sample, but it did
not impact induction of the HSR prior to heat shock.
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Figure 28. Knock-down of T09F3.2 (Rim2), sti-1 and prp-46 impact induction of the
C12C8.1 gene.
A. Wild-type (N2) animals were treated with dsRNA against the L4440 empty vector or
prp-46 as indicated and with or without a 30 minute heat shock as indicated before
determining the mRNA levels of C12C8.1 mRNA by qRT-PCR. B. N2 Animals were
treated as described in A, but received dsRNA against empty vector and T09F3.2 (Rim2)
before determining C12C8.1 mRNA levels. C. N2 animals were treated as in A, but
received dsRNA against sti-1 before determining C12C8.1 mRNA levels. All results are
representative of technical triplicates.
Although it appears knockdown of sti-1 amplifies the HSR upon heat shock no final
conclusions can be made until biological triplicates of both the HSR reporter experiment
and the qRT-PCR analysis are performed and the positive control in the experiment
works properly.

Summary of C. elegans Study
Our preliminary findings indicate that knockdown of Hsf1 interacting partners
identified in the genome-wide yeast two-hybrid screens performed impact the HSR in C.
elegans. Knockdown of sti-1, a known HSF1 genetic interacting partner, resulted in a
significant increase of C12C8.1 mRNA after exposing N2 animals to a 33°C heat shock
as compared to empty vector-fed control animals (Liu, Morano et al. 1999). This finding
was also supported by an increase in induction of GFP in the HSR reporter worm upon
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heat shock as compared to the empty vector-fed heat shocked control animals. However,
no conclusions can be made until biological triplicates of each experiment are performed
and positive controls perform properly.
It was also found that knockdown of T09F3.2 (Rim2) resulted in activation of the
HSR prior to heat shock as demonstrated in the non-heat shocked N2 animals by the
increase in production of C12C8.1 mRNA as compared to empty vector-fed control
animals (Figure 28). Unfortunately, such a dramatic activation of the HSR prior to heat
shock was not observed via fluorescence microscopy and may simply reveal an anomaly
in the qRT-PCR data or it could be because qRT-PCR is a more sensitive technique.
However, in order to draw any conclusions triplicates of each experiment are needed and
the positive controls must perform as expected.
Similarly, knockdown of prp-46 increased induction of the HSR as measured by
induction of the C12C8.1 gene. However, it did produce a slight increase in GFP
expression upon heat shock as compared to the empty vector control. This may simply
mean an interaction between hsf-1 and prp-46 has an impact outside of the HSR or that
knockdown of prp-46 disrupted proteostasis causing a slight activation of the HSR. Final
conclusions cannot be made until biological triplicates are performed and positive
controls respond as expected.
Although the C12C8.1::GFP reporter strain of C. elegans is a convenient model in
which to rapidly identify induction of the HSR, there is a potential pitfall to this
technique when combined with RNAi-mediated knockdown of protein expression.
Mainly, since the HSR is a cellular stress response that responds to impaired homeostasis
it is possible that induction of the HSR in response to RNAi-mediated knockdown of a
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protein is simply the result of a disruption of proteostasis and not necessarily due to an
interaction or loss thereof with hsf-1. While we have reason to believe that hsf-1 and the
proteins studied may interact due to their identification via a yeast two-hybrid screen, the
reporter worm strain is not an accurate means to verify these interactions. Thus, further
research into the nature of the interactions between hsf-1, sti-1, T09F3.2 (Rim2) and
prp-46 is necessary in order to determine if the physical interaction is occurring and if
indeed this interaction impacts the HSR.
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Chapter 4: Implications, Final Thoughts and Future Directions

Implications
After concluding both the yeast and C. elegans studies described in earlier
chapters, Sti1 (Stress Inducible 1) has been identified as a potential yeast Hsf1 interacting
partner that increases the HSR in C. elegans upon stress. Rim2 (Replication in
mitochondria 2) and Prp-46 (Pre-mRNA Processing-46) were also identified as putative
yeast Hsf1 interacting partners. Rim2 was found to impact activation of the HSR in C.
elegans, but Rim2 may be unlikely to actually interact with Hsf1, as it is typically
anchored to the mitochondrial inner membrane. Prp-46, which increased GFP expression
when knocked down in the HSR C. elegans reporter worm, but did not impact induction
of the C12C8.1 gene, may have an effect outside of the HSR possibly during the
processing of HSF1 transcripts as it is involved in pre-mRNA processing. Sti1, Prp46 and
Rim2 were initially identified in the yeast two-hybrid assay and were selected for further
characterization because they were verified prey proteins that demonstrated a repeatable
interaction in a manual yeast two-hybrid assay. Each protein is also conserved in C.
elegans and bacteria expressing dsRNA against each protein was available in our library
of RNAi bacteria (Source Bioscience). Therefore, they were attractive candidates for
knockdown experiments to determine if they impacted induction of the HSR.
In order to definitively determine if any of the proteins identified in the yeast
two-hybrid screen are physically interacting with Hsf1 it is necessary to further confirm
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each of the interactions in S. cerevisiae by another method, such as by
co-immunoprecipitation. Also, the preliminary finding that knockdown of each of these
proteins impacts the heat shock response makes them exciting candidates for further
characterization. However, before any conclusion can be drawn, biological triplicates of
the C. elegans studies must be performed. Studying the effects of overexpression of each
of these proteins on the HSR would also be a necessary complement to the data generated
by protein knockdown in order to demonstrate an opposite effect. Also, if these
interactions are impacting the HSR by interacting with HSF-1, the interaction must be
confirmed in C. elegans by another method such as by co-immunoprecipitation. Colocalization studies could also be useful to determine where the interaction is occurring in
C. elegans. Regardless, these studies demonstrate the interactions between Hsf1 and Sti1,
Rim2 and Prp46 are each repeatable in a yeast two-hybrid assay and preliminary
knockdown studies in the worm demonstrate sti-1, prp-46 and Rim2 are likely to impact
the HSR.
Identifying Sti1 as a putative Hsf1 interacting partner is interesting as Sti1 is an
Hsp90 co-chaperone that is a known Hsf1 stress-responsive target gene (Liu, Morano et
al. 1999). Sti1 is the S. cerevisiae homolog of the mammalian protein HOP
(Hsp90/Hsp70-organizing protein) that is important for Hsp90 complex function and is a
strong noncompetitive inhibitor of Hsp90 ATPase activity that aids in client protein
transfer (Verghese, Abrams et al. 2012). Sti1 has also been shown in vitro to be an
essential component of a complex responsible for maturation of the glucocorticoid steroid
receptor (Dittmar, Demady et al. 1997). A physical interaction between Hsf1 and Sti1
may reveal another aspect of Hsf1 regulation. The finding that knockdown of Sti1 led to
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an increased HSR may point to a loss of restraint of HSF1 by Sti1 or a complex it is part
of. Since Sti1 is known to complex with Hsp90 it may be involved in negative regulation
of HSF1. In unstressed cells, Hsp90 is known to bind HSF1 monomers in the cytoplasm,
but upon stress this interaction is greatly reduced indicating Hsp90 may keep HSF1 in its
inactive state (Zou, Guo et al. 1998; Guo, Guettouche et al. 2001). This mechanism of
HSF1 repression in the absence of stress was found in human cells via crosslinking and
co-immunoprecipitation studies that determined it is facilitated by a complex containing
Hsp90, the immunophilin FKBP52 and p23 (Guo, Guettouche et al. 2001). Further
investigation is necessary to confirm the interaction before the cellular role of this
interaction can be deciphered.
Identification of Rim2 as a putative Hsf1 interacting partner is also particularly
exciting as Rim2 is a closely related homolog of the human protein PNC1 (pyrimidine
nucleotide carrier 1) which has been demonstrated to be transcriptionally regulated by
insulin and the insulin/insulin-like growth factor-1 (IGF-1). Furthermore, PNC1
expression relies on the kinase PI-3 and mTOR activity and its expression is elevated in
transformed fibroblasts, and cancer cell lines when compared to non-cancerous cells.
These findings provided evidence that PNC1 is essential for mitochondrial regulation of
cell growth and regulation (Floyd, Favre et al. 2007). Recently, it was demonstrated that
hsf-1 activation is modulated by the insulin/IGF-1-like signaling (ILS) pathway by an
inhibitory complex formed by DDL-1/2 and HSB-1 in C. elegans (Chiang, Ching et al.
2012). Therefore, an interaction between Rim2 and Hsf1 could provide further evidence
for a role of Hsf1 in cell growth. The essential nature of Rim2 in maintaining
mitochondrial homeostasis may also explain why knockdown of Rim2 in C. elegans
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induced the HSR prior to heat shock, as it is likely this would disrupt proteostasis and
thus induce the HSR.
In yeast Rim2 is an essential mitochondrial pyrimidine phosphate nucleotide
transporter responsible for carrying pyrimidines in and out of the mitochondria and
vesicles (Marobbio, Di Noia et al. 2006). Rim2 has also been reported to have a distinct
role in mitochondrial iron utilization and the synthesis of heme and iron-sulfer clusters
important for cellular respiration (Yoon, Zhang et al. 2011). Another study found that
Rim2 is also able to help maintain iron homeostasis by transporting iron when MRS3 and
MRS4, homologous yeast proteins responsible for iron transport were knocked out (Lin,
Li et al. 2011). An interaction between Hsf1 and Rim2 could also provide further support
for previous evidence linking a mutant HSF1 allele to defects in mitochondrial protein
import (Smith and Yaffe 1991).
On the contrary, since Rim2 is a mitochondrial membrane protein it is possible
that it interacted with Hsf1 in the yeast two-hybrid assay because it was mislocalized due
to its fusion with the Gal4 AD. Since Rim2 is hydrophobic and tethered to the inner
mitochondrial membrane endogenous Rim2 may not interact with the transcription factor
Hsf1. If this candidate is pursued, it will be highly important to detect whether
endogenous Hsf1 and Rim2 can colocalize within the cell. Therefore, the physical
interaction of Rim2 with Hsf1 should be confirmed and the nature of this interaction then
explored. The essential nature of Rim2 in maintaining mitochondrial homeostasis may
also explain why knockdown of Rim2 in C. elegans induced the HSR prior to heat shock
as it likely caused a disruption in proteostasis.
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An interaction between Hsf1 and Prp46 could demonstrate an interconnection
between transcription and pre-mRNA processing. Prp46 is a nuclear pre-mRNA
processing factor that is a subunit of the NineTeen Complex. This complex plays an
important role in regulating the spliceosome and is conserved from yeast to humans
(Albers, Diment et al. 2003). In humans, the Prp46 homolog, PLRG1, is known to play a
critical role in selection of alternative splice sites (Ajuh and Lamond 2003). Previous
studies have demonstrated interactions between HSF1 and other pre-mRNA processing
factors. For example, human HSF1 is known to interact with symplekin, a scaffolding
protein for polyadenylation factors that has been reported to modulate the
polyadenylation of Hsp70 transcripts (Xing, Mayhew et al. 2004). Human HSF1 also
interacts with the nuclear-pore associating protein TPR, and may facilitate the nuclear
export of HSP mRNA upon stress (Skaggs, Xing et al. 2007). An interaction between
Hsf1 and Prp46 could reveal a role for Hsf1 in alternative splicing in response to stress or
reveal how HSF1 transcripts are quickly processed and expressed.

Final Thoughts and Future Directions
Since the sequence of the S. cerevisiae genome was completed in 1996 (Goffeau,
Barrell et al. 1996), many researchers have begun utilizing the yeast two-hybrid system to
screen for interacting partners. Using a transcription factor as the bait protein in an assay
that relies on transcriptional activation of a reporter gene certainly presents a unique set
of challenges. That is not to say it is impossible though as studies using a transcription
factor fused to the Gal4 DBD have been successful using a method very similar to the
one employed in this study. There are two main differences between the screen described
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herein and other yeast two-hybrid studies; 1) transcription factors from other species like
human or mouse were expressed in yeast rather than the essential yeast transcription
factor, Hsf1 and 2) specific prey protein targets were constructed and tested for
interaction rather than screening a genome-wide library of prey proteins (Behrens, von
Kries et al. 1996; Tsang, Visvader et al. 1997; Ishitani, Ninomiya-Tsuji et al. 2003;
Skaggs, Xing et al. 2007). Among the obstacles that had to be overcome to perform this
study’s yeast two-hybrid screens is the fact that Hsf1 is an intrinsically strong
transcriptional activator due to its two distinct trans-activation domains. As was
demonstrated by the initial testing for auto-activation by the Hsf1 bait, wild-type Hsf1
was able to activate the Gal1 driven HIS3 reporter gene (Figure 13). However, the
truncation mutant Hsf1 (1-587) and the point mutant Hsf1 F687A, L689A were both
unable to independently activate the HIS3 gene in the presence of 3 mM 3-AT (Figure
23). Therefore, these mutant Hsf1 constructs were used as the bait in the screens
performed. Since there was no overlap in the proteins identified in each of the 4 screens,
except for a few of the known auto-activating prey proteins present in the library
(YGL146C, Hop2, YGR026W and YGL001C), it is likely that repeating the experiment
under different conditions may yield overlapping results.
For example, the mutant Hsf1-Gal4 DBD fusion proteins used in this study were
not assessed for functionality of the HSR or even trimerization of Hsf1. Since it is
known Hsf1 function is highly dependent upon conformation and PTMs perhaps the Gal4
DBD disrupted Hsf1 function. Another study performed a yeast two-hybrid assay with
human hsf1 lacking its DBD and CTA fused to Lex-A as the bait protein to screen a
human cDNA library in yeast (Boellmann, Guettouche et al. 2004). This study first
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verified the Hsf1 mutant trimerized like wildtype Hsf1. Since we did not analyze the
functionality, conformation, trimerization or PTM status of the Hsf1 fusion proteins
employed in this study it is unknown whether or not these factors led to the lack of
repeated interactions identified in the 4 yeast two-hybrid screens performed.
Despite the many advantages of the high-throughput yeast two-hybrid system, a
high false-positive rate of 30% to 60% and false negative rate of 40% to 80% has been
reported by several other studies (Berggard, Linse et al. 2007). Thus, after having
completed 4 genome-wide yeast two-hybrid assays that did not generate overlapping
results it is imperative to speculate what led to the lack of reproducibility.
First, it is possible that mutations arose in the bait plasmid over the course of the
screen allowing transactivation (Vidalain, Boxem et al. 2004). We attempted to address
this issue by simply following the standard yeast two-hybrid method of re-testing the
interaction by transforming the prey protein into a fresh bait strain. However, this manual
yeast two-hybrid approach revealed the bait strain still exhibited a high degree of selfactivation as the bait strain transformed with the empty prey plasmid (pOAD) was His+
even in the presence of a low (0.5 mM) concentration of 3-AT. Using a second reporter,
ADE2 driven by a different promoter, Gal2, demonstrated a higher stringency in selection
as the bait did not exhibit self-activation of both the HIS3 and ADE2 reporters (Figure
25). The strains and plasmids used also had a colorimetric reporter, LacZ, available that
could have been used (Millson, Truman et al. 2003). Stringency of selection could further
be increased using this technique if colonies undergoing selection were replica plated
every 3 days to fresh media to eliminate any colonies containing mutated bait or preys.
Thus, if these screens were repeated in the future false-positives could be eliminated by
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selecting for interactions using more than one of the available reporters and replica
plating during the 2-week selection period (Vidalain, Boxem et al. 2004).
Another way to circumvent aberrant reporter activation would be to employ
negative selection using drugs like cyclohexamide or canavanine. In this method the prey
vector would need to carry a negative selectable marker such as CYH2, which would
confer susceptibility to cyclohexamide. This vector would be expressed in yeast strains
that are resistant to cyclohexamide. Negative selection would be carried out by
transforming the cyclohexamide-resistant yeast strain with a plasmid carrying the CYH2
gene, which would restore cyclohexamide sensitivity. In this manner any auto-activating
prey proteins could be determined based on their ability to grow on media lacking
histidine with 3-AT (to select for activity of the GAL1::HIS3 reporter) with
cyclohexamide (to eliminate the prey plasmid) present. If the bait plasmid carried a
different negative selectable marker like CAN1, which would confer sensitivity to
canavanine, than negative selection for both the bait and prey could be used (Vidalain,
Boxem et al. 2004). Unfortunately, the yeast strain used in this study (KHSY3559 and
KHSY3558) did not carry different negative selectable markers, so this method was not
employed. If these screens were repeated in the future, it would be simple to integrate
negative selectable markers into the yeast strains and plasmids used in the study in order
to increase stringency of interaction selection.
Even though the four screens performed in this study did not generate overlapping
results, it is not to say the list of proteins identified as potential interacting partners is
entirely false. One of the strengths of the yeast two-hybrid system is to detect transient
and/or weak interactions. In fact a study performed by Venkatesan and colleagues (2009)
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evaluated the data from two independent yeast two-hybrid experiments that were each
performed four times and found that 20% of interactions that were only detected in one
screen were transient interactions that were verifiable, whereas only 5% of interactions
that were identified in three or four screens were transient interactions (Venkatesan, Rual
et al. 2009). Therefore, the pool of proteins identified in these 4 screens is likely to have
previously unknown or weak Hsf1 interacting partners therein. Confirmation of the
interaction via co-immunoprecipitation or some other method will be a useful next step to
demonstrate these interactions are occurring.
In conclusion, the identification of Sti1, Prp46 and Rim2 as potential Hsf1
interacting partners is relevant and warrants future experiments to first verify these
interactions and then to characterize the cellular role these interactions in the HSR.
Several variations of the yeast two-hybrid method employed in this study should be
tested until conditions allowing for reproducibility are found. The right combination of
reporter genes, selection methods and maybe even a different Hsf1 bait construct needs to
be identified prior to performing another yeast two-hybrid screen. This optimization will
generate a more complete and accurate list of potential Hsf1 interacting partners.
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Appendices

Appendix A. S. cerevisiae strains
Table A1. S. cerevisiae strains used in this study
Strain
KHSY
802

KHSY
2331

KHSY
3558

Genotype

MATa ura3-52, leu2 1, trp1 63, his3 200, lys2
1, ade8, YEL069C::URA3

Mata ura3-52 leu2 1 trp1 63 his3 200 lys2
1 ade8 YEL069C::URA3 lig4::loxP-G418loxP
MATa trp1-901 leu2-3, 112 ura3-52 his3-200 gal4
HIS3 GAL2-ADE2 met2::GAL7-lacZ

Bgl, hom3-10, ade2

Bgl horn 3-10 ade2

gal80

LYS2::Gal1-

KHSY
3559

MAT , trp1-901, leu2-3, 112 ura3-52 his3-200 gal4Δgal80Δ LYS2::Gal1HIS3 GAL2-ADE2 met2::GAL7-lacZ

KHSY
3560

KHSY3559, pBDC (Empty)

KHSY
4697

KHSY3559, pBDC-HSF1

KHSY
4698

KHSY3559, pBDC-hsf1 (1-587)

KHSY
4699

KHSY3559, pBDC hsf1 (66-595)

KHSY
4700

KHSY3559, pBDC-hsf1 F687A, L689A
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Appendix B. List of oligos
Table A2. Primers used in these studies.
Code

Primer Name

60

TGAAGATACCCCACCAAACCCAAAAAAAGAGA
pBDC-HSF1-F TCGAATTCCAGCTGACCACCATGAATAATGCTG
CAAATACAGG

61

CTACGATTCATAGATCTCTGCAGGTCGACGGAT
pBDC-HSF1-R CCCCGGGAATTGCCATGCTATTTCTTAGCTCGTT
TGGG

62

pBDC-HSF166-595-F

TGAAGATACCCCACCAAACCCAAAAAAAGAGA
TCGAATTCCAGCTGACCACCgATCCGCAGTCAGC
AGC

63

pBDC-HSF166-595R

CTACGATTCATAGATCTCTGCAGGTCGACGGAT
CCCCGGGAATTGCCATGaCTCGTTTGGTTATTAG
GATCT

64

HSF1-390seqR TGGATGCGCGAGTAACTTAG

S. cerevisiae

65

HSF1-1seqF

ATGAATAATGCTGCAAATACAGG

S. cerevisiae

66

HSF1-500seqF

AATCCCATAAATCACGGCC

S. cerevisiae

67

HSF11000seqF

AACGAAGCGAATCTTGGAG

S. cerevisiae

68

HSF11532seqF

CCAACCTTGCCAACAATCTC

S. cerevisiae

69

HSF12002seqF

TCCTCGACAAACACTAATTCC

S. cerevisiae

1760

Y2H Universal
F

GAAGATACCCCACCAAACCC

S. cerevisiae

1761

Y2H Universal
R

CGATTCATAGATCTCTGCAGG

S. cerevisiae

1717

pBDC 5'
Confirm

GAGTAGTAACAAAGGTCAA

S. cerevisiae

70

HSF1-F
genomic

ATGAATAATGCTGCAAATACAGGGACG

71

HSF1-R
genomic

CTATTTCTTAGCTCGTTTGGG

Sequence 5' to 3'

Purpose

Clone HSF1
into pBDC
vector

Species

S. cerevisiae

S. cerevisiae

Clone hsf1
(66-595) into
pBDC vector

S. cerevisiae

S. cerevisiae

Sequencing

74

HSF1 F687A
and L689A F

GCTGTCAACGTTAATAGCCCTGGTGCCAACGCA
CAGGATTATTTAACTG 3
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Amplify
HSF1 from
genomic
DNA

Site-directed
mutagenesis

S. cerevisiae

S. cerevisiae

S. cerevisiae

Table A2. Continued
Purpose

Species

Site-directed
mutagenesis

S. cerevisiae

Code

Primer Name

Sequence 5' to 3'

75

HSF1 F687A
and L689A R

CAG TTA AAT AAT CCT GTG CGT TGG CAC CAG
GGC TAT TAA CGT TGA CAG C

76

HSF1 S587 to
stop

ACGGATTTTAGGCCTTTTACCTAGCGAGATCCTA
ATAAC

77

HSF1 S587 to
stop

GTT ATT AGG ATC TCG CTA GGT AAA AGG CCT
AAA ATC CGT

84

pBDC7138 7170 F

CTATTCTCAGAATGACTTGGTTGAGTACTCACC

80

HSF1 T523C

CCATAAATCACGGCCTGCATTTGTTAATAAACTA
TGGAGC

81

HSF1 G2050A

ATATGGAAAGTGCTGTCAACGTTAATAGCCCTG
GTTTCAAC

82

HSF1 T2149C

CGGCTCCACACCGTTGCCCATGCCAAATGATAA
TG

83

HSF1 G2299A

TACAAGGGTGTCCCCCGATATAAAGTTCAGCGC
CACTG

104

A1187T

GGCACTATAGATGAACTAAAATCCAACGATTCT
TTCTAAACGATG

21

C12C8.1
(Hsp70) F1

CCCGTTGTTGAGGTTGAAGT

22

C12C8.1
(Hsp70) R1

CAGCTTCAGCCGTTTCTTTC

14

GAPDH F1

ACGACAGTGCACGCTGTA AC

C. elegans

15

GAPDH R1

CCAGTGGAAGCTGGAATGAT

C. elegans

96

Site-directed
mutagenesis

S. cerevisiae

S. cerevisiae
Multisite
directed
mutagenesis

S. cerevisiae

S. cerevisiae

Mutate
HSF1 back
to wild-type

S. cerevisiae

S. cerevisiae

S. cerevisiae
Mutate hsf1
(66-595) to
wild-type

S. cerevisiae
C. elegans

qRT-PCR

C. elegans

Appendix C. List of plasmids
Table A3. Plasmids used in these studies.
Name

Purpose

pOAD

Generate Gal4 AD
fusion proteins as prey
proteins.

pBDC

Generate Gal4 DBD
fusion proteins as bait
proteins.

Selected Features
LEU2: Auxotrophic
Marker
• GAL4 (AD)
• Ampicillin resistance
•

L4440

Amplify hsf (66-595)
Express dsRNA
in HT115 E .coli
to knockdown
the expression of
specific proteins
in C. elegans

Dr. Kristina H.
Schmidt (University
of South Florida)
Open Biosystems
Dr. Kristina H.
Schmidt (University
of South Florida)
Open Biosystems

•

TRP1: Auxotrophic
Marker
GAL4 (DBD)
NcoI and PvuII
restriction sites.
Ampicillin resistance

•

S. cerevisiae HSF1

Dr. Kevin Morano
(University of Texas
Medical School)

•
•

Bacterial Expression
Ampicillin Resistance

(Timmons, Court et
al. 2001)

•

pRS314-HSF1

Source

•
•
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Appendix D. List of antibodies used
Table A4. Antibodies used in these studies.
Antibody

Species Purpose

monocolonal antiGal4(DBD)RK5C1:sc510
monoclonal anti-Gal4 AD C1 Sc-1663
ECL Mouse IgG, HRPlinked whole Ab

Mouse
Mouse
Sheep

Dilution Source

Detect expression (1:200)
of the Gal4 DBD
Detect expression (1:200)
of the Gal4 AD
Secondary
(1:2500)
antibody to detect
mouse IgG
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Santa Cruz
Biotechnology
Santa Cruz
Biotechnology
GE
Healthcare
Life Sciences

Appendix E. RNAi strains
Table A5. RNAi strains used in these studies.
S. cerevisiae
Protein

C. elegans
homolog

Rim2

T09F3.2

Sti1
Prp46
Hsf1

Y53C10A.12

Forward Primer

Reverse Primer

TAAAAGTGGAGGAACCAACAAGA

TAACTATCAGGGCCAAATGAGAA

RO9E12.3

TCCCTATTTTCAGGCGATTG

AAGACGAGTCCAGAGGACGA

C14B1.4

GCTCCTGCTCCATCTGTAGG

CGGGTTCTGAAATGGAAAAA

TCTAGAAAATTCCGGGAAAAACT

GGTGTGCTGGAAATAGACTTTTG
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Appendix F. Materials and reagents used in these studies.
Reagents and Chemicals
Restriction enzymes and buffers, NcoI and PvuII were purchased from New
England Biolabs (Ipswich, Ma). 3-Amino-1,2,4-triazole (3-AT) was purchased from MP
Biomedicals (Santa Ana, Ca).

Buffers and Solutions
SDS-PAGE sample buffer was 125 mM Tris, pH 6.8, 4%SDS, 25%glycerol, 4
mM EDTA, 20 mM dithiothreitol, 0.005% bromophenol blue. Laemmeli buffer was 50
µl ß-mercaptoethanol in 950 µl SDS-PAGE sample buffer. Tris Buffered Saline (TBS)
was 50 mM Tris and 150mM NaCl, pH 7.5. TBS with Tween 20 (TBST) was 50 mM
Tris, 0.2% Tween 20, 300 mM NaCl, pH 7.5. Blocking milk is 5% dry milk in TBST for
immunoblots using the Gal4 DBD primary antibody and 5% dry milk in TBS for
immunoblots using the Gal4 AD antibody. The sterile cell suspension solution for
genomic DNA isolation was composed of 1M Sorbitol, 0.02 M EDTA (pH 8), and 0.01
M Tris-HCl (pH 7.5).

Yeast Media
YPD (yeast extract-peptone-dextrose) is composed of 10 g/l yeast extract (Fisher
Scientific), 20 g/l Bacto-peptone (BD Diagnostic Systems), and 2% glucose (Fisher
Scientific). YPD plates have the same composition, but also have 20 g/l bacto-agar (BD
Diagnostic Systems). Synthetic complete (Sc) media is composed of 20 g/l agar 6.7 g/l
bacto-yeast nitrogen base without amino acids (Fisher Scientific), 2% glucose and the
100

appropriate concentration of dropout amino acid mix without yeast nitrogenous base
minus the selected amino acid(s) as follows; minus tryptophan (trp) 0.68 g/l, minus
leucine (leu) 2 g/l, minus histidine (his) 2 g/l, minus leu, trp 0.64 g/l, minus his,trp 2 g/l,
minus his leu trp 0.64 g/l and minus his, leu, trp, ade. When liquid synthetic media was
used agar was omitted.

Escherichia coli Media
Luria-Burtani broth (LB) contained 25 grams per liter of LB powder (Fisher
Scientific). To make solid LB media 20 grams per liter agar was also added. LB
supplemented with ampicillin (LB+Amp) was made by adding 1g/ml ampicillin to the
LB agar solution prior to solidification.

Caenorhabditis elegans Media
Standard Nematode Growth Medium (NGM) contained 1.5 g NaCl, 1.25 g BactoPeptone, and 10 g Agar per 500 ml. The following sterile supplements were added to the
media after autoclaving; 5 g/ml cholesterol, 1 M CaCl2 1 M MgSO4 and 1 M KH2PO4.
RNAi NGM plates were made by adding 1 mM isopropylthio-β-galactoside (IPTG) and
50 µg/ml ampicillin. M9 minimal media was prepared with 5.8 g Na2HPO4, 3 g KH2PO4,
0.5 g NaCl and 1 g NH4Cl per liter.
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Appendix G. Hsf1 F687A, L689A Screen 1 selection of colonies containing possible
interacting partners.

Figure A1. Selecting Hsf1 F687A, L689A interacting partners in screen 1.
Library plates 1 through 16 were photographed after allowing the mated bait and prey
strains to grow for 2 weeks. The matrix-array location of colonies exhibiting growth
above background levels was recorded. See table A6 for a list of the colony location and
interacting partner recorded.
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Appendix H. Hsf1 F687A, L689A Screen 2 selection of colonies containing possible
interacting partners.

Figure A2. Selection of Hsf1 F687A, L689A interacting partners in screen 2.
Library plates 1 through 16 were photographed after allowing the mated bait and prey
strains to grow for 2 weeks. The matrix-array location of colonies exhibiting growth
above background levels was recorded. See table A7 for a list of the colony location and
interacting partner recorded.
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Appendix I. Hsf1 (1-587) (Screen 3) selection colonies containing possible interacting
partners.

Figure A3. Selection of Hsf1 1-587 (Screen 3) interacting partners.
Library plates 1 through 16 were photographed after allowing the mated bait and prey
strains to grow for 2 weeks. The matrix-array location of colonies exhibiting growth
above background levels was recorded. See A8 for a list of the colony location and
interacting partner recorded.
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Appendix J. Selection of Hsf1 (1-587) (Screen 4) colonies containing possible
interactions.

Figure A4. Selection of Hsf1 1-587 (Screen 4) interacting partners.
Library plates 1 through 16 were photographed after allowing the mated bait and prey
strains to grow for 2 weeks. The matrix-array location of colonies exhibiting growth
above background levels was recorded. See table A9 for a list of the colony location and
interacting partner recorded.
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Appendix K. Hits from Screen 1
Table A6. Screen 1: Hsf1 F687A, L689A interactions identified
Plate
10
10
10
10
10
3
3
3
3
3
3
3
3
3
3
9
9
9
9
9
14

Position
E8
I6
O16
A10
H21
B17
C16
C17
D17
E2
F9
K11
E21
H6
N19
A8
A20
A6
C9
N19
H12

42 putative protein interactions
ORF
Plate Position
Sed4
14
I18
YBR203W: COS11
14
P15
Sec27
14
K8
ADP1
14
N19
YPL064C: CWC27
1
D23
HOP2
1
O16
YGL146C: rrt6
15
H12
YGR026W
15
L23
YGL001C
13
A5
EFB1
13
D5
CHA1
6
A9
UBC6
6
O6
YHL026C
6
L20
RRT2 aka ere1
2
F7
GTR2
2
M10
YKL187C
2
L17
AFG2
2
O18
Gef1
16
P12
SMY1
4
N20
YML093W; UTP15
11
M20
PRM1
5
P19
8
C13
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ORF
RDR1
STI1
Pho8
DLD1
YHR105W
YFR054C
Snf3
GPH1
Pex19
Med2
YBR238C
HSL7
YLR415C
Empty well
ILV6
YGR043C
PRP31
Ira2
YJR162C
YOR379C
Tef4
ILV5

Appendix L. Hits from Screen 2
Table A7. Screen 2: Hsf1 F687A, L689A interactions identified
24 putative protein interactions
Plate Position ORF
10
3
3
3
3
9
9
14
1
15
12
12
12
12
12
11
16
16
2
5
5
7
13
4

A22
B17
C16
C17
D17
P10
D22
E4
M22
N17
A22
A2
E3
F6
P5
P10
A20
G4
B6
O15
M20
L14
M12
H18

YGR125W
HOP2
YGL146C: rrt6
YGR026W
YGL001C
YNL133C
YPL102C
YDR026C
YGL199C
DNL4
YPL246C
SPO7
RDI1
CDC34
ATC1
RPB7
ECM16
SSK22
YER044C
CDC8
YJU2
STP3
PFK27
YAE1
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Appendix M. Hits from Screen 3
Table A8. Screen 3: Hsf1 (1-587) interactions identified
83 putative protein interactions
Plate

Position

ORF

Plate

Position

ORF

Plate

14

A22

HPA1

8

E24

RNT1

9

C16

ACF2

14

B23

YPL007C

8

G23

RRN9

9

J19

YML111W

14

C12

YNL182C

8

J19

YMR110C

9

L19

ARGR2

14

I24

YPR144C

8

K14

ECM7

6

C5

POL12

14

J19

MSI4

8

L3

CTK1

6

E21

YGL066W

14

H16

YNR053C

8

L8

ASH1

6

I5

YBR007C

14

N7

YGR068C

8

L13

NDI1

6

L3

RNR3

11

E24

YPR099C

8

N17

YMR029C

5

C4

DAL2

11

D8

CPH1

8

B17

HXT2

5

C7

YJL175W

11

E10

YDR378C

8

B22

CYB2

5

F22

PEX8

11

O24

YPR195C

8

C8

AAT2

3

A7

YCL005W

11

L19

YPL200W

8

D11

SPH1

3

A14

YER083C

11

I14

ZEO1

8

F9

YLR108C

3

B21

RNR4

16

B22

questionable

8

F10

PRP40

3

C6

MUD1

16

J19

RLR1

8

M11

YLR312C

3

E12

YCR100C

16

N23

YPR184W

4

A5

SUP45

3

J8

YER028C

16

I11

SMC3

4

B22

YKL097C

3

M16

RNA15

16

K5

NEO1

4

D16

YJR020W

3

O4

YBR061C

16

L3

YDR141C

4

F9

YIL001W

7

B6

TFA2

13

B22

YPL151C

4

J19

DIE2

7

E10

YLR118C

13

J19

MOD5

4

L3

YBR158W

7

D13

YLR201C

13

C2

RIM2

4

M6

GLK1

7

L5

RNP1

13

C3

YDL175C

4

N8

YJL169W

12

P6

INO2
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Position

ORF

Table A8 continued.
Plate

Position

ORF

Plate

Position

13

L3

YDL033C

4

P9

13

P9

YDR465C

10

15

G2

CDC53

10

13
15

H4
G17

YDL054C

4

Plate

Position

PAC2

12

L3

YDL076C

B6

LAP3

1

E10

YCL034W

H7

YNL191W

1

F1

YFL065C

N15

APC5

ORF

TAF60

12
1
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M23
I14

ORF

YPR172W
YFR008W

Appendix N. Hits from Screen 4
Table A9. Screen 4: Hsf1 (1-587) interactions identified
91 putative proteins identified
Plate

Position

ORF

Plate

Position

ORF

14

Position
N21

ORF
MUK1

Plate
11

H6

ATP16

5

I22

YKL055C

11

E24

YPR099C

10

K24

MSH1

5

A3

MET28

11

D8

CPH1

10

I22

ERG7

5

B18

YGL179C

11

F11

YOL134C

10

J5

SIF1

5

C6

REB1

11

N21

DIB1

10

F16

HRB1

5

D10

HXT13

10

M5

YNL208W

16

C2

DRS2

5

I23

URA6

16

D20

questionable

16

A13

CPA2

5

L11

CCT3

6

C9

MTC4

16

A17

YML117W

5

L23

YKL008C

6

P10

YLR159W

16

D4

CDC39

3

L24

PPX1

6

N8

YLR062C

16

D10

DYN1

7

G11

YLR193C

13

N9

UTP6

16

G20

SGS1

7

J23

MRPL24

9

H6

YNL235C

16

G16

SMC4

12

D6

YDR033W

5

A24

16

G6

RAD9

12

E8

HNT2

16

G3

PCA1

12

H9

RPS18A

5

J15

questionable
NPA3

5

K1

COA1

6

A8

MAK5

12

N7

YDR319C

7

D10

DCN1

6

C13

YER005W

4

A22

GND2

7

H22

YMR144W

6

D5

MET30

4

C3

YBR004C

12

A8

YDR275W

6

H11

GUT1

4

H13

YCK3

12

D14

YOL092W

13

N21

ISR1

4

J4

RPR2

12

P10

questionable

13

N17

TAS1

4

M5

MSI1

4

B14

YJL027C

13

M11

YDR541C

4

M19

ZUO1

4

C18

9

N3

TRL1

15

M14

SHE4

9

M5

YJR110W

1

N16

KIM4

4

D10

questionable
SNA3

15

N21

NAN1

8

K23

DSK2

1

A16

YBR116C

15

G20

FLC1

8

L2

YJL216C

2

C11

TIM44

14

C1

YBR139W

8

O14

CAC2

2

P8

SPR6

14

G23

YPR002W

5

E2

YIL145C

2

M13

PEA2

14

I10

NRD1

5

E7

ASG7

2

N8

USS1

14

I11

DIT1

5

I1

YIL158W

7

D10

YLR128W

14

O4

TRM1

5

I13

SYS1

13

N22

MSF1

14

M5

RAD28

5

I21

YNK1
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Appendix O. Supplementary information for the manual yeast two-hybrid assay
performed in Chapter 2.
Figure A5. Yeast-two hybrid verification of interactions.
Panels 1 through 5 depict each of the yeast two-hybrid assays performed to detect
repeatable interactions. 10-fold serial dilutions were performed for each strain once it
reach exponential growth and then 2µl of each dilution was spotted onto the appropriate
media. Growth on sc-leu-trp indicated presence of both the bait and the prey plasmids.
Growth on sc-his-leu-trp indicated activation of the HIS3 gene and presence of both the
bait and the prey plasmids. Growth on sc-his-leu-trp supplemented with 3-AT indicated
activation of the HIS3 reporter gene was strong enough to overcome competitive
inhibition of histidine synthesis. Growth on sc-his-leu-trp-ade indicated activation of both
the HIS3 and ADE2 reporter genes.

Panel 1
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Panel 2
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Panel 3
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Panel 4
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Panel 5
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Appendix P. Fluorescent Images of RNAi C. elegans HSR reporter

Figure A6. Images used to quantify GFP fluorescence in the C12C8.1::GFP HSR reporter after RNAi treatment against yeast
two-hybrid hits.
The C12C8.1::GFP HSR reporter strain of C. elegans was treated with RNAi against Hsf1 an interacting partner identified in the yeast
two-hybrid screens and then either subjected to heat shock or not as indicated. Production of GFP indicated activation of the HSR by
HSF1. Photographs of 12 worms from each condition were used to quantify the intensity of GFP fluorescence using ImageJ software.
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Appendix Q: PLoS One Publication
The SIRT1 modulators AROS and DBC1 regulate HSF1 activity and the heat shock
response

Rachel Raynes, Kathleen M. Pombier, Kevin Nguyen, Jessica Brunquell, Jamie E.
Mendez, and Sandy D. Westerheide*

Published in PLoS ONE 8(1): e54364. doi:10.1371/journal.pone.0054364. January 18,
2013.

Experiments were designed, performed, and analyzed by R. Raynes or performed under
the direction of R. Raynes. K. Pomibier performed overexpression transfection in Figure
1.4B,C. K. Nguyen performed qPCR replicates for Figures 1.5C,D. J. Brunquell and R.
Raynes measured cell viability in Figure 1.5B and 1.6C. J. Mendez and R. Raynes
measured luciferase activity in Figure 1.4C.
All data analysis and figures were generated by R. Raynes. The manuscript was written
by R. Raynes and S.D. Westerheide. See Appendix R for copyright permission.

117

118

119

120

121

122

123

124

125

126

Appendix R: Copyright permission policy for PLoS One:

Retrieved December 31st, 2012: http://www.plosone.org/static/license.action
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